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ABSTRACT
Polystyrene has been chloromethylated and the
resultant polymer converted by reaction with triethylamine
into the polymeric quaternary ammonium chloride; this on
basification gave a solution of poly(vinylbenzyltriethyl-
ammonium hydroxide). Rate-constants for the hydrolysis of
six straight-chain aliphatic esters with this polymeric 
oalkali at 0 have been determined, also the corresponding 
rate-constants with sodium hydroxide. The values of p, the 
ratio of the former to the latter rate-constant for each 
ester, range from 0.73 to 1.05* The rates of hydrolysis 
with polymeric alkali thus do not differ greatly from those 
with sodium hydroxide. The actual differences are ascribed 
to the operation of two relatively minor factors: a 
salting-out effect in the vicinity of the polymeric hydroxide 
and a hydrophobic association of the alcoholic alkyl group 
of the ester with the hydrocarbon structures of the 
polycation. These effects are in opposition, the former 
decelerating and the latter accelerating reaction. These 
results are discussed in relation to considerable other work 
(carried out in these laboratories) and a coherent account 
is presented of the factors which influence reactions of 
various types effected with poly(vinylbenzyltriethylammonium 
hydroxide).
A number of further reactions of poly(chloromethyl- 
styrene) have been investigated, particular attention having 
been given to the insertion of acetylacetone units in the
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polymer. Further work was devoted to attempts to 
incorporate this unit in a macromolecule by addition 
polymerization and by polycondensation.
In the final section an evaluation of the utility 
of poly(vinylpyridine)s as basic reagents in organic 
chemistry is described. The copolymer of 2-vinylpyridine 
and styrene is effective in the dehydrobromination of 
1-broraooctane to 1-octene. Very little isomerization 
accompanies the reaction, and it is thought that the reagent 
will prove of use in specific dehydrohalogenations.
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Formation and Characterisation of Polymers.
Molecules containing a large number of sub-units 
joined together by covalent bonds are named polymers 
( ,!polyn stands for many and Hmern for unit or part) .
The first proof of the existence of very large organic 
molecules was supplied by Raoult and van'" t Hoff, who carried 
out cryoscopic molecular weight determinations on rubber, 
starch, and cellulose nitrate. By the method developed 
by Raoult and by van * t lioff’s formulation of solution laws, 
molecular weights of 1 0 , 0 0 0  to 40,000 were demonstrated. 
Unfortunately, chemists of that day did not appreciate this 
evidence and refused to accept it, the main reason being 
the inability to distinguish macromolecules from colloidal 
substances that could be obtained in low molecular weights. 
The current opinion then was that Raoult1s solution law 
does not apply to materials in the colloidal state.
During the period 1890 - 1910 the idea of molecular 
complexes was generally accepted [4], It was used to 
explain polymeric structures in terms of physical aggregates 
of small molecules. In fact, molecular association was 
considered polymerization. Thus rubber, for example, was 
assumed to be composed of short sequences of isoprene units 
in either chains or cyclic structures. The structure of 
isoprene itself was known, because if was isolated from 
natural rubber in i860, UTiat was puzzling was the fact 
that no one was able to show the existence of end groups in 
the macromolecules studied and this emphasized.the idea that
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rubber has a ring-like structure,
Emil Fischer (beginning of the 20th century) with his 
co-workers studied many natural polyr$.e»s and his work 
probably entitles him to be called the "spiritual father 
of polymer chemistry".
The evolvenent of our present-day understanding of 
polymeric structures occurred within the last 3 - 4  decades.
In the early 1920s, Gtaudinger and his collaborators 
established the existence of macromolecules. Others, by 
X-ray analyses and careful use of molecular weight determina­
tions confirmed his findings. In 1929 a series of outstanding 
investigations were started by Carothers on polymers; this 
resulted in much of today’s knowledge and understanding.
Now, we know that a typical molecule such as polyethylene 
can have a contour length of 23,000 A, but a diameter of only 
4.9 A. Recent work carried out on nucleic acids of bacteria 
revealed the amazing dimensions - 1 mm. of length - and a 
molecular weight of about 200 million.
The last cited example corresponds obviously to an 
extreme case. Typical synthetic polymers will range in 
molecular weight from ten thousand to several hundred thousand, 
although synthetic polymers in molecular weight ranges of 
several million are well known and actually used commercially.
Polymers may be divided into "homopolymers" and "copolymers" 
according to their origin: homopolymers are formed from a
single "mer"whereas copolymers are built up from more than 
one sub-unit. In a condensed way we can represent the first
type as Y where A represents the formula of the mer
and X and Y stand tor the groups present at the beginning 
and at the end of a sequence of i sub-units and the second 
type as X {^}k * °* ^ where A,B,C, etc., symbolize
the formulae of the various Hers incorporated into the 
copolymer, though not necessarily in the order shown.
Homopolymers may be subdivided into linear if formed 
from divalent sub-units and space network when derived from 
mers with valence greater than two.
¥ith copolymers, a great variety of structural units 
may be involved, and a wide diversity of polymer structure 
and type becomes possible. Even with only two mers A and B, 
there are several ways of forming a linear copolymer.
Non-linear structures include branched, graft, cross-linked 
and space network polymers.
(a) branched polymers - these are composed predominantly 
of a single type of aier
- A - A - A - A - 3 - A - A - 3 - A - A -
* \
A A
f \
A A
1 i
A
The longest linear sequence is referred to as the "polymer 
backbone" and the trivalent units B as the branch points.
(b) graft copolymers - when the branch is composed of 
different mers from those making up the backbone chain.
(c) cfqsjs-linked and space network polymers.
Their structures are as follows:
C
I
- A - A - A - 3 - A - A - A - A - B - A - A
I
C
i
c 
I 
c
I
- A - A - A - A - 3 - A - A - A - B - A - A - B
I I
C C
I I
c c
! I
— A — B — A — A — B - A-A-A — B
I
C
!
c 
I 
c 
I
- A - B - A -
for a cross-linked polymer and
A
I A
—  B
A I A
A \  B
A\  i x \  l v \I iN f xA x  A A 1
A . I A
A
I
B
for a space network polymer.
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There is no essential difference between these two 
types of polymer - merely increasing the number of cross­
links in what we have termed the cross-linked polymer 
results in the formation of the space network.
Kinetics and mechanism of polymerisation
The polymerisation reactions fall into two general 
types according to whether the overall stoichiometry is
4
nM — 1 M + (n - 1) A n
o r
n M  A Mn
In the first type of reaction, n monomer molecules 
represented by the symbol M which may or may not be identical 
are converted into a polymer molecule containing n mers, M , 
with the elimination of (n-i) simple molecules represented 
by the symbol A, This reaction is termed condensation 
polymerization»
The secondrsaction is termed addition polymerization 
since the polymer is formed by m aonoier molecules (which 
again may or may not be identical) joining together. 
Distinction must be made between an initiator and a catalyst 
because in the first case as the reaction proceeds, this 
material disappears from the system, fragments of it appearing 
as end groups of the polymer whilst a catalyst is recoverable 
at the end of the polymerization.
In order to investigate the mechanism of a polymerization, 
our first object is the determination of the concentrations of 
the reactants, products and intermediates as a function of
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time at constant tesperature, Having obtained the 
coneentration-time data ion as many species as possible 
for a series of different initial concentrations, it is 
usually possible to represent the rates of disappearance of 
each species in terms of the concentrations of the reactants 
(and occasionally in terms of the concentrations of the 
products and intermediates).
To obtain the mechanism of the reaction, we iaake use of 
a number of theoretical ideas, of which the most important is 
the conception that a complex reaction such as polymerization 
is made up of a series of elementary reactions in which only 
one, two or three molecules take part* As we have a large 
number of monomer molecules reacting together to give a 
polymer molecule this must mean that we have a large number 
of elementary reactions involved. A set of reactions can 
often be devised and analysed kinetically to yield rate 
equations identical with the experimental• However, one 
must note that, just because the kinetic consequences of a 
particular reaction-mechanisa match the experimental 
observations, it is not necessarily correct mechanism. The 
agreement only means that the mechanism is a possibility. 
Generally, other types of experiments have to be performed 
before any kinetically-acceptable mechanism can be regarded 
as correct.
The rate of a reaction depends on the concentration
*
of the activated molecules [A 1, tnat as to say for a 
molecule to react it is necessary to possess energy in excess
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of a certain amount. vJhen dealing with raonomolecular
reactions only energetic considerations need to be taken 
into account, but for bi&tolecular reactions another reaction 
restraint exists in the orientation of the colliding molecules.
Free radical addition polymerization.
The essential reaction in addition polymerization is 
hfi --► Mn
n representing the average number of monomer molecules which 
join together to form a polymer molecule. Since this 
number is usually very large it follows that a polymer molecule 
must be- formed by the series of consecutive reactions
* *
+ M -- -1 2
* *
M 2 + M —  m 3
* *
M
3
+ M —  «4
’ * *
Xi. + 11X “i+ 1
*
In this scheme of the growth process, M., the active centre,IL
stands for a polymeric molecule containing i monomer units 
which is potentially capable of reacting with a monomer 
molecule.
We will consider the particular case in which the active 
centre is a free radical, that is to say, a molecule containing 
an unpaired electron. The whole set of reactions, chain 
reactions, taking place may be subdivided in the following 
way:
initiation ---- reactions which lead to the
production of free radicals capable of reaction with the monomer
-16-
propagation eactions in which monomer
molecules add successively to radical active centres with 
the formation of further radicals
are destroyed with the production of polymer unreactive 
towards monomer.
The initiation reaction.
The common procedure employed to produce the radicals 
containing one monomer unit is to add to the monomer a 
substance or substances which produce radicals capable of 
reacting with it. These additives, the initiators, act as 
indicated below
where I represents the initiator, R. the radical produced 
therefrom and a the number of such radicals obtained.
Among the simplest polymerization initiators are the 
organic peroxides and azo compounds; special reference will 
be made to these as they were used when preparing polystyrene 
and vinylpyridine-styrene copolymers. These substances 
decompose spontaneously into free radicals at a useful rate 
at temperatures ranging from 50 to l40°C. For instance 
benzoyl peroxide at 60°C in benzene decomposes into two 
benzoyloxy radicals by simple scission of the weak peroxy 
bond:
t erminat ion reactions by which the radicals
I a R.
R • + M — ►
6 5
C
If
0 - 0 - C - C/-K™ 
,1 6 5
-> 2 C/-H. — C — 0 • 
6 5 „
0 0 0
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The benzoyloxy radicals so produced may either decompose 
to give a phenyl radical and CO or add themselves to monomer 
units creating active centres which eventually may undergo 
reaction with solvent or further benzoyl peroxide (this last 
reaction
R - CH - CH. + (PhCOO) — ► R - CH - CH - 0 - COPh 
I  ^  ^ I
+ hoOO ®
is named radical-induced decomposition of the initiator and 
constitutes, in fact, a disadvantage in the use of this
peroxide), However, if a vinyl monomer is present, these two
latter reactions are unimportant, most of the benzoyloxy or 
phenyl radicals reacting with the monomer. Ilith styrene, 
the following happens predominantly:
C/-H_ - C - 0. + CH_ = CH — * C/-H_ - C - 0 - CH0 - CH.
6 5 i 2 / 6 5 i 2 /
o c6h5 o c6h 5
or
c6h 5 - + CH2 = CK “ * C6H5 ' CH2 -  / C U ’ 
c6“5 C6H 5
When preparing vinylpyridine-styrene copolymers
azobisisobutyrohitrile (AZBN) was used, which similarly
decomposes into radicals at easily accessible temperatures:
CKH CH„ CH
\  / N
^ - N = N - C  ^ 2 C. + N 2
/ 1 l \
N CN CN
CR„I I Cii7 CH_ /3 3 3
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Tb.ese radicals react with, monomer in an exactly similar way
to that described for ben.zoy.loxy or phenyl radicals.
In the present investigation adequate rates of the
initiator decomposition were obtained by adjusting the
temperatureo The necessary activation energy may also be
provided by irradiating the system with light of suitable
wave-length; this type of initiation may be convenient for
temperature-sensitive monomers for instance,
A short reference will be made to another way of
initiating the polymerization, the so-called redox initiation
provided by bimolecular reactions producing free-radicals.
This type was tried when dealing with 4-vinylpyridine but
did not prove satisfactory., .. _
HSO^ + S^Og HSO^» + SO 4 + S04*
F e (1 1 ) + S2 0 “~ —> Fe(IIl) + SO^" + S0]"«
This kind of .reaction has, however, proved to be particularly
useful in emulsion polymerizations which are industrially 
important„
It is important to realize that not all unsaturatod
monomers react at a significant rate with these primary
radicals to produce the first active centre (isobutene
for instance). In general, those monomers which do react
can do so in more than one way. For example, representing
a vinyl monomer in the general way CHQ = CH where.X represents
X
a variable substituent (CgH^, Cl, COCCK^ etc.) there are 
two possibilities:
R - CH - CH. (I)
<  I
R - CH - CH0. (II)
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The relative amounts of the two product radicals depend
on the difference between the a,ctivation energies of the two
reactions. This activation energy difference arises on two
accounts: In the first place, since the substituent group X
usually hinders the approach of the radical R« to the carbon
atom to which it is attached, some energy is required to
distort the monomer sufficiently to permit the formation of a
bond between R* and the substituted carbon atom. In the
second place, at the instant of collision less energy will
usually be required to re-organize the electrons in one of
the two alternative ways than in the other. Both of these
directing influences in the case of the majority of vinyl
monomers tend to operate in the same sense to make >> ET1 1 1
and hence to result in the preponderance of the radical 
R - CH - CH*. That is why we shall usually write this step& I
of the initiation process as the single reaction I even
though a few additions will take place in the converse manner.
Attention is drawn to the fact that each active centre 
contains an initiator fragment as an end group and therefore 
the polymers finally produced contain these same portions of 
initiator. Consequently, if these end groups can be 
estimated quantitatively and if it is known how many are 
present.per polymer molecule, the number average molecular 
weight of the polymer can be found directly. The accuracy 
which can be achieved by this method is limited by the 
accuracy of the normal analytical methods; it is, however, 
clearly possible to use radioactive initiators to push the 
limits of end group detection to very low levels.
-20-
The Propagation Reaction. 
The propagation reaction is really the series of reactions 
M . + K — £ Ii •
X
M . + M — £ M .
*
M . • + M -A M . .. i * x+1 •
In our case where M is a vinyl monomer 
R - CH0 - CH ® + CH _ = CH  1 M .
2 I 2 | * 2
X X
we have a similar problem to that already discussed in the 
second step of the initiation reaction, that is, whether the 
radical RCH CK. attaches itself to the CH group of the
Cai | u
Xreacting monomer or to the CH group. It should be
\
clear that precisely similar u considerations apply to
this case and to the general case K. • + M —4 Ii. „ as were° x x+1 *
applied to the problem of the attachment of the primary 
radical R. to the monomer. In other words, the reaction 
proceeds almost exclusively to produce what is termed the 
nhead-to-tail! arrangement 
R - CH0 - CH - CH - CH-cL | a |
X X
rather than the "head-to-head" arrangement 
R - CH - CH - CH - CH •
I | ^
X X
Of course a few "head-to-head" additions will take place 
during the growth of the polymer depending on the magnitude 
of the activation energy difference between the two reactions 
producing the alternative forms. For practical purposes,
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iaowever, we may regard the ordinary vinyl polymer produced 
as consisting predominantly of* monomer units arranged in a 
"Iiead-to-tail” fashion
K — CH p — Cii — Cri p — CH - CH 0 — CH - • » »
i I ^ |nr v“J.**- j&- 2*.
He have stated that the effective propagation reaction
is the single step
R fCH0 - CH. + CH = CH — $ R'CH0 - CH - CH0 - CH.
*  ( 2 ! 2 J 2 j
~ r  r  t r  v
-ti- -a. A
1
where R represents either the initiator fragment R or a 
long sequence of monomer units terminating in this entity.
Let us now consider the reaction three-diaensionally. Our 
starting point is the knowledge that the three bonds of the 
carbon atom of the radical are disposed in a single plane.
t
As three different substituents R'CIi^ , H and X are attached 
to these three bonds, we can distinguish two sides of this 
plane which for convenience we might call "front" and "back". 
For example, if we draw the bonds and substituents in the 
plane of the paper, we can define quite arbitrarily the 
front view of the plane as
R lCH
I -
C 
/ \
H X
the essential feature of the front view being that the
f
sequence H, Ii CH , X appears in a clockwise sense.
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On the other hand, the mirror image arrangement
R f CH
I 2
c
/ \
X H
we shall regard as the back view of the plane, its characteristic
t
being that the chosen sequence H,R CH^, X now appears in the 
anticlockwise sense. Certainly, this distinction between the 
two sides of the plane can only be made if all three groups 
attached to the central carbon atom are distinguishable.
Now if we can distinguish two sides to the plane 
containing the three bonds of the carbon atom associated with 
the unpaired electron, it follows that the incoming monomer 
can react with the radical in one of two ways; one way we can 
regard as a frontal attack and the other way as an attack from 
the rear. The consequence of this choice is shown in the 
accompanying three-dimensional diagrams.
1. Frontal attack
R*CH R 1CH
I 2 i 2
C* + CH0 = CHX ---» C.
/ \  2 / V ‘‘X
H X H CH0CHX-2
2. Rear attack
r ’c k . r ’ch
I 2 I 2
C* + CH_ = CHX  > C.. __
/ \  2 /  \  X
H X .XCHCH2 h
As a result of the reaction, the three bonds originally 
in a single plane are redirected towards the corners of a 
tetrahedron with the important consequence that there are two
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possible products which are mirror images of one another; 
that is, the carbon atom originally associated with the 
unpaired electron becomes asymmetric. That is, the reaction 
of any particular radical with monomer to produce another 
radical is one or other of two separate reactions which are 
distinguishable according to the corxfigurations of the 
terminal asymmetric carbon atom in the radical so formed.
These two configurations are commonly termednd" or nl,! 
following the terminology employed for simple optical isomers.
According to whether the adopted configuration is the 
same as or different from that of the preceding asymmetric 
carbon atom, different energies of activation are involved. 
This 
adja 
urat 
for 
( !!dl
V
wher
means that the rate constant for the formation of an
cent pair of asymmetric carbon atoms of the same config-
ion ( Hdd5i or ” 1 1 f?) is different from the rate constant
the formation of an adjacent pair of opposite configuration
H or "Id"). If we call these two rate constants k anda
the propagation reaction can be conveniently expressed by
ddp .
dp . + M
dip. 
lip.
— Idp.
e the symbols d, 1 and p represent the configuration of
-2<t-
the carbon atoms bearing the substituent X, p indicating the 
planar form adopted when this carbon atom is associated with 
the unpaired electron. From this representation, it follows 
immediately that
k e -E >number of HddH or nll,; pairs formed _ a _ ( b
number of 5idl!i or !,ld?i pairs formed k^ exp
where E and E. are the corresponding activation energies, a b
In other words the preference for one of the two types of
reaction is determined as in the other cases by the activation
energy difference and the temperature. Obviously, the
difference between the two activation energies is going to be
rather small, and so at high temperatures, the exponent tends
to zero; consequently the number of pairs of like configuration
formed is equal to the number of pairs of unlike configuration.
At low temperatures, one or other of the two types of reaction
will predominate since the quantity RT will become of the same
order as the difference, E, - E ; which configuration isb a
preferred is determined by the sign of this latter quantity.
When E, y E the tendency is for long sequences of b a
asymmetric carbon atoms of the same configuration to be formed, 
i.e. ddddddd ...... or 111111.* ••
Such polymers are termed isotactic.
The converse situation E y E. results in the formationa b
of long sequences of alternating configurations, 
i.e. dldldldl ....
These polymers are termed syndiotactic.
When the arrangement of the monomer units is random as
dllddddddlldl  ....
the polymer is termed atactic.
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The Termination Reaction
Disappearance of the radicals involves spin pairing, 
whence they may be destroyed in a reaction system by a 
bimolecuiar process. There are two ways of achieving this 
result. Firstly, two radicals can simply combine together 
according to the equation
R*- CH - C H • + R» - CH0 - CH. -A R* - CH0~CK - CH - CH_ - R"
2 i 2 i 2 I i 2
X x X X
This process is termed combination termination and results 
in the formation of a "head-to-head linkage. Alternatively, 
a hydrogen atom can be transferred from one radical to the 
other giving two polymer molecules, one saturated and the 
other possessing an olefinic double bond at one end - this 
process being termed disproportionation termination.
R 1 - CH - CH- + R" - CH - CH. - A  R »- CH u CH + R" - CH_ - C3
i i l i
X X X X
While in combination termination polymer with two initiator 
fragments per molecule is produced, each molecule formed by 
disproportionation contains a single initiator end group.
In general, both processes take place but to unequal 
extents; again, the competition between the two is ruled 
by the activation energy difference and the temperature.
In the case of polystyryl radicals the energy difference 
is such that radical-radical combination is almost entirely 
responsible for the disappearance of radicals from a 
polymerizing system.
In either case the termination reaction in simple 
free-radical polymerization can be written as
polymer
-2b-
it just being a question of whether one or two polymer 
molecules are produced.
Reference must now be made to the possibility of 
transference of the chain reactivity to monomer, dead-polymer, 
solvent, initiator or any intentionally added substance, the 
so-called chain transfer agent. In opposition to the action 
of inhibitors or retarders, chain transfer agents do not 
affect the polymerization rate but only influence the degree 
of polymerization of the product polymer. They react with 
the polymer radicals but, instead of producing an inactive 
radical (as retarders and inhibitors would do), they produce 
a radical capable of starting a new polymer chain and an 
inactive polymer molecule. The reaction may be symbolised 
by
M . . + TH  X M . H + T .x x
where TH stands for the transfer agent and T* represents a
radical which can react with monomer,thus
T. + M — X M „ .' 1
The basic principle is that the stationary radical concentra­
tion is unaffected by the introduction of a chain transfer 
agent,and hence the polymerization rate is unaltered; the 
chain transfer agent simply provides a second path to the 
production of polymer in addition to the straightforward 
bimolecular termination reaction. Consequently, more polymer 
molecules are produced per unit time and since the rate of 
monomer disappearance is unaltered, the average number of 
monomer molecules in each polymer chain is reduced. In 
other words, these substances produce a lowering of the 
molecular weight.
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A Kinetic Analysis of the Basic Polymerization Mechanism
The purpose of a kinetic analysis of the simple mechanism 
of free radical polymerization is the prediction of the rates 
of monomer and initiator disappearance in terms of their 
concentrations at any time and the rate constants for the 
three elementary reactions, initiation, propagation, and 
termination. In order to simplify our task we shall consider 
the case where the initiator decomposes into two identical 
radicals and the polymer is formed exclusively by combination 
termination. In such a case the stoichiometric equation for 
the reaction can be written as
I + nil --> M ,n 7
where n is the average number of monomer units in a polymer 
molecule.
Mechanism
I ----------- ---- J 2R. rat e constant k .X
R. + M --- \ M . . 1
n !» kr
1
*/ V
M . 4- M  ----
*2
\"7 t! ft kP
M . • 4- M  ----• l
V/ M . •i4-1
M. . 4- M . . - 
i J
— * M.
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In what concerns the rate constants two comments will be 
made. First of all, we shall always define rate constants 
in terms of the reactants, that is to say
- -■■r -a ~j,. - rate constant x [reactant 1] [reactant 2] . . . dt
Secondly, we have attributed the same rate constant k to all 
reactions between polymer radicals and monomer molecules.
r>- Q — 60 —
Strictly speaking this is not true since the radicals 
M g * ) ... say up to M,_ ® will certainly differ from one another
in their reactivity towards the monomer. As the length of 
the chain increases, however, the radicals will become more 
and more alike in this respect and,consequently,for polymeriza­
tions producing high molecular weight polymer, the assumption
of the same rate constant k for all propagation steps does
P
not lead to any serious error. Nevertheless,we have 
distinguished the reaction between the primary radical R* 
and monomer from the subsequent propagation reactions since 
this radical is chemically quite different from the polymer 
radicals.
Kinetic Equations
- 3 Hs1 = ki EI] (i)
- = kr [R.] [M] + k [Mj.HM] + k [M2 .][M] +
+ . . . + k CM. • ] [K] + . . .P 1
The amount of monomer consumed in the reaction with the 
primary radicals is quite negligible compared with that 
consumed in the propagation reaction if high molecular weight 
polymer is produced. As a consequence,the term [R«3 [M]
can be neglected in comparison with the remainder,and hence,
- A r p l  = k ( Z  CM.-']). [M] (2)dt p i
Integration of equation (1) gives
[I] = [I] exp (- k .t) o i
where Cll is the initial concentration of the initiator, o
The second equation is not quite so simple because it 
contains the total concentration of polymer radicals in the
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system, Z  [M_^  • ] , a quantity which we shall now proceed to 
evaluate. In order to achieve this we write a separate 
equation for the rate of increase of the concentration of 
each particular radical bearing in mind that there are 
creative processes as well as destructive or termination 
processes. Thus
= 2k. [I] - k [R.] CM] - k. [R.]2- 
- kt [R.] [M,« ] - kt [R.] CM •] - ... -
- kt CR- ] [M± .3
= 2 k. [I] - k [R.] [M]- k. [R.]([R.] + Z  CM.-])i r t i
For the next radical, a similar equation applies
d[M, • ] ,
= k [R*] CM] - k [M -] [M.] - k^ . CM„ •]( CR«]+Z CM. •] )dt r ' p i  t 1 i
and for 2
dCM •]
k CM •] Cm ] - k Cm  •] Cm ] - k.CM -](CR*] + 11 Cm ..])dt ~ P 1 p 2 t 2 i
and so on. Adding up all the equations together, we obtain
d ( C R • ] + Cm  • ] + Cm  • ] + • • • + Cm  . • ] + • • •)1 u    1
dt
= 2 k. [I] - k. C R . ] ( C R . ]  + H  C M . - ] )i t  1
- k^ Cm ^.](Cr .] + Z  CM± • ] )
- kt CM2-](CR-] + Z  Cm± • ])
:t CM ](CR«] + XT CM± ° ] )
which simplifies to
d( CR• ] + Z  CM. •] ) o
  = 2k. Cl] - kt(CR-] + Z  Cm ± • ]) (3)
dt
-30-
We can assume that the concentration of* primary radicals [R»] 
is very small compared to the total concentration of polymer 
radicals,and so we can rewrite equation (3) as 
d( [M. •] )
 5 T   = 2 ki CI] - h  C1V 3)
without serious error. As a matter of* convenience, we shall 
henceforth represent the summation by a special 
symbol [C.],
i * ©• C c • ] = Cm c],
which enables the three equations governing the kinetic 
behaviour of the system to be neatly expressed as
dCl3 = k, [I] (li)
[C-]. CM] (5)
dt i
d[M]
dt
= 2k. [I] - k [C.]2 (6)dt x t
If we substitute the integrated form of equation (4) 
into (6) there remain two equations which govern the 
monomer disappearance
d[M]
dt [ C O
and
3. = 2 k. [I] exp (- k . t) - k [C*] 2dt x o  ^ x t
k. can be evaluated studying the decomposition 
i
of an initiator into free radicals in the absence of a
monomer. For the initiators and temperatures normally
-6 -1employed, k. is of the order of 10 sec which means that
the initiator concentration remains effectively constant at
its initial value [I] for the first part of a polymerizationo
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If we restrict our attention to the period over which the 
initiator concentration remains practically constant ( *>n hour 
or two for the common initiators) a great simplification of 
the second of the two differential equations arises. It now 
reads
StSJ. = 2 k. [I]Q - kt EC.]2 (7)
This equation integrates to give:
[CO = akfC^o \ 2 exp [(8kikt[I]g t | -1 
^t j exp |(8k^k^[I]^ t ^  +1 (8)
This latter equation brings out the significant point that 
the concentration of active centres builds up asymptotically 
to a maximum value
2k. Cl] I *
1" h "2 (9)
Under the usual conditions the radical concentration reaches 
this value for practical purposes a few seconds after the 
start of the reaction and thereafter remains constant. The 
monomer disappears to all intents and purposes by reaction 
with radicals at this concentration. The expression for the 
rate of disappearance of the monomer then becomes
. = ( 2k1[I]a_ 1 * [M] (10)
dt p I k^ . |
The same result can be obtained in a rather different 
way by making use of what is termed the steady state 
approximation.
To understand this procedure, let us go back to 
equation (7):
= 2 k, [I] - k. EC.]2dt l o t
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According to this equation, the concentration of C» is
initially increasing entirely as a result of the production
of free radicals from the initiator (at a rate 2k. [I] ):
1 ©
once a finite number of radicals have been formed, a
significant fraction of them begin to disappear in the
termination reaction and so, although their actual concentra­
tion is increasing, the rate of increase begins to slow down;
eventually a state of balance is achieved when as many 
radicals are lost per second by mutual destruction in the 
termination reaction as are produced per second by the 
decomposition of the initiator. As long as the initiator 
concentration remains effectively constant, the concentration 
of the radicals at this state of balance remains constant. 
Because this position normally persists for a finite period 
of time, the situation is described as the steady or 
stationary state. If we represent the radical concentration 
at this steady or stationary state by the symbol [C»] , then
S
This result is identical with the maximum value given by the
is the effective radical concentration during the monomer 
disappearance to recover equation (10) by substitution of
(11) in (5).
The above treatment permits the calculation of the number 
average degree of polymerisation n, *
for termination by combination,and hence the corresponding
d[C.]s O
dt
and
( 11)
more rigorous treatment. It only remains to assume that this
d[M]/dt
n = d'CilTdt
molecular weight of the polymer.
Determination of Molecular Weight
The determination of the molecular weights of polymeric 
materials present, in general, two problems not normally 
encountered with low molecular weight substances. The first 
problem arises because polymer samples usually contain 
molecules with a range of molecular weights - heterodispersity. 
The second problem is encountered whenever the physical 
properties of polymer solutions are studied - the concentration- 
dependence of these properties is usually so much more 
pronounced than for low molecular weight solutes that the 
well-established methods for molecular weight determination 
cannot be employed without considerable modification.
Types of Molecular Height Averages; Molecular
Weight Distribution
The majority of samples of synthetic polymers contain 
molecules with a wide range of molecular weights. As a 
result, any measurement of molecular weight on such a sample 
necessarily yields an average value. It so happens that not 
all the practical methods which are used involve the same 
averaging procedure,and consequently, two measurements of the 
molecular weight of the same polymer may give quite different 
results,
It is interesting to point out that in contrast with 
synthetic polymers which are heterodisperse natural polymers 
are monodisperse as a rule.
Number Average Molecular Weight
If a polydisperse polymer has n^ molecules whose molecular 
weight is M. its number average molecular weight is defined by
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Weight Average Molecular Weight
If, in the given polymer,the weight of the ith species 
is the weight average molecular weight is defined as
Reference to the viscosity-average molecular weight 
will be made later on.
It is evident that different samples with different 
molecular weight distributions may have the same number or 
weight average molecular weight. That is why it is particularly 
important to know something about their molecular weight 
distributions as they will necessarily condition the properties 
of the specimens. Graphs may be plotted showing the number 
of molecules whose molecular weights are within a certain 
range against the molecular weight, or alternatively,the weight 
of each polymeric fraction as a function of the molecular 
weight.
When molecular weight intervals, ^ M ,  are taken smaller 
and smaller so that/ \ l~-i o, and the size of the sample is
taken larger and larger so that n  r co t the stepwise curves
approach smooth curves; these are called the molecular weight 
distributions of the polymer. If the analytical expressions 
for the curves mentioned above are generically designated as 
f(M) and F(M), respectively, the previous average molecular 
weights must be now defined in the following way
M n
^£°°Mf (M) dM
M
/Jo MF(M)dM
Of course, it is possible in principle to obtain a 
polymer in which all the molecules are of the same molecular 
weight - monodisperse. In this special case, therefore, the
two averages become identical, and so the ratio MW/S becomes
unity. The value df the parameter in a practical case
thus gives a measure of the range of molecular weights in
the sample: a value close to unity indicates that the 
molecular weights of the majority of the polymer molecules 
are closely similar?whereas a value of two or greater indicates 
considerable polydispersity; that is, the weights of the 
various molecular weight species are of the same order.
Kence, in characterizing a polymer, not only is a measurement 
of molecular weight desirable but also some indication of 
the molecular weight distribution. This latter object may 
be achieved by measuring more than one of the molecular weight 
averages or by deliberately separating the sample into a 
series of fractions, each containing a narrow band of 
molecular weights. The weights and molecular weights of 
these fractions are then measured, giving the weight and 
number distribution curves directly.
Fractionation
The separation of a polymer into fractions of different 
molecular weights is a laborious and difficult process.
Most of the methods commonly used depend on the fact that, 
as the molecular weight of a polymer increases, its 
solubility in a particular solvent decreases. Two rather 
different types of procedure are employed: precipitation 
fractionation and elution fractionation.
In the precipitation fractionation, the polymer sample 
is dissolved xn some suitable solvent to give a solution 
containing about 1% by weight of polymer. To this dilute 
solution, a non—solvent is added dropwise with vigorous 
stirring at constant temperature to cause the separation of 
the mixture into two liquids called the precipitated and 
supernatant phases. The precipitated phase consists mainly 
of solvent, some non-solvent, and no more than 10-20% of the 
original polymer if the precipitation conditions have been 
chosen correctly; the volume of this phase is considerably 
smaller than that of the supernatant phase ,and hencet the 
polymer concentration is greater. Each polymer species is 
distributed between the two phases but the distribution is 
such that the precipitated phase contains a greater proportion 
of th e high molecular weight material, The temperature of 
the system is then raised until the two-phase system becomes 
one; on allowing the temperature to fall slowly to its 
original value, a polymer-rich phase again separates. The 
object of this refinement is simply to ensure that precipitation 
occurs at a slow rate without the complications caused by 
local excesses of precipitant which are bound to occur on 
dropwise addition. After decanting off the supernatant phase, 
the first fraction of polymer is recovered from the precipitated 
phase, weighed, and its molecular weight measured (by one of 
the methods to be described), Further polymer fractions of 
decreasing molecular weight are similarly obtained by further 
additions of precipitant to the supernatant phase,
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xn the elution fractionation, the lowest molecular 
weight material is extracted into solution from the solid 
polymer. To ensure that true equilibration takes place 
between the solvent and the solid phase, the polymer is 
precipitated on to an inert support of high specific surface 
area, usually glass beads of 0.1 - 0.3 mm. diameter. In this 
way| there results a thin skin of polymer on each bead. The 
coated beads are normally packed into a column and a solvent- 
precipitant mixture, whose composition is adjusted so that 
only the lowest molecular weight polymers dissolve, slowly 
dripped through. If the rate of flow is sufficiently low 
and the thickness of the polymer l&yer small enough, 
equilibration between the solid and liquid phases is reached 
quickly,and consequently, the effluent from the bottom of the 
column contains the particular molecular weights appropriate 
to the chosen solvent-precipitant mixture. This fraction 
Can be isolated by evaporation of the solvent-precipitant 
mixture, weighed, and its molecular weight measured. Other 
f r CA ctions can then be obtained by increasing the proportion 
of solvent-precipitant mixture, so extra.cting higher molecular 
weights.
In practice, the procedure is considerably simplified 
over that described above by making the solvent-precipitant 
composition continuously variable and the collection of the 
various fractions automatic.
Measurement of the Number Average Molecular Weight
Two types of methods are used to measure the molecular 
weight of high polymers: primary methods - osmotic pressure f
light scattering and sedimentation equilibrium - which measure 
molecular weights directly, and secondary methods which measure 
viscosity, sedimentation velocity or certain other properties 
that can be related to molecular weight by an appropriate 
function.
Primary methods are divided into two classes: methods 
which give number average molecular weights and methods which 
give one of the higher averages.
In principle, methods which are used to measure molecular 
weights of compounds with low molecular weights can be used 
to measure molecular weights of high polymers. In practice, 
however, methods based on boiling points, freezing points or 
vapour pressure are normally used only for polymers whose 
molecular weights are less than 40,000 (preferably for molecular 
weights less than 20,000) because exceedingly high precision 
is required to make meaningful measurements by these methods 
when molecular weights are high. Osmotic pressure, on the 
other hand, can be measured conveniently, when number-average 
molecular weights are between 20,000 and one to two million. 
Osmotic pressure is, therefore, widely used to determine the 
number-average molecular weights of high polymers.
Methods Based on Colligative Properties of Solutions
The physical properties of a solution are, in general, 
different from those of the pure solvent, the difference being 
a function of the concentration of the solute. It is usually 
possible to represent the concentration dependence of a 
particular physical property Q by a power series in the 
concentration of the solute; the most convenient concentration
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unit for many purposes is the number of* molecules of solute
present in unit volume of the solution, a quantity which we
shall represent by the symbol N. In terms of this unit,
Q = Qq + Kt N + S2 N2 + K N3 + .... (l)
being the corresponding physical property of the pure solvent
and K^, and being constants. This type of expression is
called a virial equation and the constants K„, K„, K,,, • . • the
1’ 2’ 3
virial coefficients in the Q, IT expansion.
Of particular importance in molecular weight determination 
are those properties for which K. is independent of the
X
chemical nature of the solute and calculable from other data. 
Examples of these properties are:
1. The partial pressure of the solvent vapour in
equilibrium with the solution.
2. The freezing point of the solution.
3. The boiling point of the solution.
4. The pressure on the solution in osmotic equilibrium
with the pure solvent.
In all these properties, the solvent in the solution is in
equilibrium with pure solvent either across a membrane or in
another phase. Rewriting equation (1) so that the difference
between the property of the solution and that of the pure
solvent appears on the left-hand side, we obtain the following
expressions for the four colligative properties /\ P^» A, ^ f*
A  T, and u .b o o
Pi v i ’ 2 * 3
^  p = -----■—  N + Kp N + K„ N • • • •
Wo
A  _ ht| v°
°  if “ -- - i- IT + K N + K N + ••••
LfNo (2)
A t  - KTb V 1 nx 2 " t 3
A T b = -- 2 i N + Kp N + + ....
L N v o
7t
T ? T  11 l» 2  I f f !  3
5± N + K 0 ir + IC N +
N 2 P
The symbols used have the following meanings:
V is the molar volume of the solvent at the various 
temperatures at which the values A p 1, AT^, a ndATfe 
are measured,
N is the Avogadro number.
A P is the difference between the partial pressure of 
the solvent vapour above the solution and the vapour pressure 
of the pure solvent p° at the same temperature.
A t . is the difference between the freezing point of the 
solution and that of the pure solvent T^ ., whose latent heat
of fusion is L„.i
A T b is the difference between the boiling point of the
solution and that of the pure solvent whose latent heat of
vapourization is L .
n is the osmotic pressure of the solution at a temperature ^
For low molecular weight solutes, it is usually possible
2 3
to make the terms in N , N , etc., quite negligible in 
comparison with the first by
1. working in dilute solution, usually less than 
5% by weight,
2. choosing a solvent whose molecules are not dissimilar 
in size from the solute molecules and which has no
tendency to form loose compounds with the solute,
tJnder such conditions, the various quantities At^, A
and tc become directly proportional to the number of solute 
molecules per unit volume of solution N — - in these circum­
stances, the solutions are described as HidealM, Consequently, 
a determination of any one of these four quantities for a given
solution enables N to be calculated since the proportionality
constants are known in each case; if* the weight concentration
of the same solution is also known, the molecular weight M
follows at once from the equation:
N c
K ts — — ■
M
In this,and all subsequent expressions,c stands for the
weight concentration of the solute, that is, the weight of
solute per unit volume of solution.
On the other hand, for high molecular weight solutes,
conditions cannot usually be arranged so as to enable the 
2 3terms in N , N , etc., to be neglected without at the same 
time making the four quantities so small as to be immeasurable
The best that can be done is to make the third and subsequent
terms so small as to be unimportant. This is achieved by
1» working at low weight concentrations of polymer,
usually less than 1% by weight,
2. choosing a suitable solvent and temperature.
Under such conditions, our difference property A Q ,  that 
is, Q - Qq, is related to the solute concentration by the 
equation
A q = S, N + L  N 2 (3)1 2
Although X„ is known, K is not, and so there is no question 
X ^
of our calculating N for a particular solution by measuring 
A  Q and solving the quadratic. Instead,we substitute for N 
in the expression in terms of c using the following argument. 
Consider unit volume of the solutionj in this volume, we have 
N solute molecules with a range of molecular weights M^, ^ 2* * *
of total weight c, By definition
_  Z L n .m . '
M  =  — *• ■
n N
while
H  N.M. 
c = — i n  ,
No
H representing the number of molecules of the ith type 
present in unit volume. From these two expressions
N c
N - (4)
n
which is exactly analogous to the previous equation which 
applied to simple solutes. From equations (3) and (4), 
we obtain
K„N N 2
A Q  = -i-2- c + K 2 ( ~  ) c2 (5)
Mn n
Therefore
c (6)
M Mn n
This equation is the basis of the method used to measure 
the procedure being as follows.
We prepare a series of polymer solutions of different 
concentrations not exceeding say 0,02 g/cm . We measure 
the quantity AQ. for each solution,and then,plot A Q / c  
against c; the graph is normally found to be curved tending 
towards linearity at low values of c where the neglect of the 
higher terms of the expansion becomes increasingly justifiable. 
From equation (6), the intercept of the linear portion on 
the A  Q/c axis at c = o is
K„N 1 o
Mn
Since K„ is known, M follows directly, 1 ’ n
Special mention will be made to the osmotic pressure 
method owing to its wide applicability. It is possible, 
using suitable semi-permeable membranes, to measure number 
average molecular weights as low as 5,000.
It should be clear that the number average molecular 
weights of raost soluble polymers can be obtained from osmotic 
measurements if the data is processed to correct for the 
non-ideal behaviour of the solutions. Furthermore, some idea 
of the deviations from ideality in these dilute solutions can 
be obtained by evaluation of the second virial coefficient.
This latter quantity depends on a number of factors:
1. the particular polymer-solvent system,
2. the molecular weight and molecular weight
distribution of the polymer,
3. the temperature,
4. the tacticity of the chain.
The dependence of the second virial coefficient on temperature 
and solvent in the case of polymer solutions is intimately 
connected with the variation of the average dimensions of the 
polymer molecules with these factors. The polymer chains 
assume a configuration in solution such that the attractive 
and repulsive forces on each segment due to other segments and 
solvent molecules are exactly counterbalanced. v/hen the 
combined effect of these forces causes the polymer to take 
up the same configuration as that calculated assuming free 
rotation about the bonds between segments and no segment-segment 
interaction - the unperturbed configuration as it is called - 
the solvent in the solution behaves ideally and the osmotic
pressure is given by
RTiz = ——  • c
Mn
This is the situation at the ©-temperature. At temperatures 
considerably above the 9-temperature, the polymer molecules 
in solution are expanded compared to the unperturbed 
configuration and the second virial coefficient is large 
and positive. When this occurs, the solvent is described as 
a good solvent, A "poor’7 solvent, on the other hand, is one 
in which the polymer dimensions approach those of the 
unperturbed configuration so that the second virial coefficient 
is close to zero.
Measurement of the Weight Average Molecular Weight
This is best effected by light-scattering measurements.
As this important, but complex, method has not been applied 
in the present investigation, it is not further described.
Determination of Molecular Weight by Viscosity Measurements
As this method was used in the present investigation, 
special attention will be given to it,
A particularly noticeable feature of polymer solutions 
is the increased viscosity compared with the pure solvent; 
this increase depends on:
(1) nature of the solvent,
(2) the type of polymer,
(3) the molecular weight of the polymer,
( the concentration of the polymer,
(5) the temperature.
.Particularly advantageous from the point of view of
molecular weight measurement is the experimental fact that,
other tilings being equal, an increase in molecular weight is
paralleled fcy an increased viscosity. On the other hand, the
use of this phenomenon suffers from the great disadvantage
that it has not "been found possible to relate the observed
viscosity difference between solution and solvent to the
polymer molecular weight without introducing parameters
which are experimentally inaccessible. As a result, the
viscosity method has been developed into a secondary method
of molecular weight determination; that is, by taking a
series of polymer fractions of known molecular weight
(M or M ) and determining the viscosities of their solutions n w  °
in a common solvent at a fixed temperature, an empirical 
relation between molecular weight and some function of the 
solution viscosity is found. Subsequently, a determination
of the solution viscosity of a fraction of unknown molecular 
weight permits the calculation of the latter. The solution 
and solvent viscosities are usually measured in an Ostwald 
viscometer or in a modified version due to Ubbeloh.de. In 
these viscometers the time taken for the level of solvent 
or solution to pass between two fixed marks is determined 
and this is related to the viscosity by Polsewille1s 
equation as follows:
lx
n P r
where v is the volume rate of flow, F is the pressure 
difference maintaining the flow, r is the radius of the
capillary, is the viscosity of tiie liquid, and 1 is the 
length of the capillary. This equation is valid as long 
as the flow is Newtonian and stream-lined, and provided that 
the potential energy of the liquid over and above that which 
it possesses when the two liquid, levels become stationary is 
solely used up in work against the internal viscous forces 
and not in imparting kinetic energy to the liquid. In stream­
lined flow every volume element of liquid moves parallel to 
the walls of the tube in contrast to the turbulent flow
where the motion is much more complex. If the flow is
Newtonian so that the viscous force between two liquid layers 
is directly proportional to the velocity gradient existing 
between them, then the flow pattern of the liquid is 
characterized by a parabolic velocity distribution with the 
maximum at the centre of the tube.
The condition requiring that the liquid acquires zero 
kinetic energy is obviously incompatible with the requirement 
of a finite rate of flow. To avoid, therefore, introducing 
into equation (1) a term to correct for the kinetic energy 
imparted to the liquid, the dimensions of the capillary are 
chosen so as to make the linear velocity of the liquid at the
centre of the tube small; when this is so, the flow is stream­
lined and usually Newtonian,
We can now recast equation (l) into a suitable form for 
the calculation of the viscosity ratio, defined by:
^solution ^2 for brevity, it being
^solvent
understood that both measurements refer to the same temperature.
Suppose the volume of liquid contained between the two fixed 
marks is V and that the flow times for solvent and solution 
are t^ and We can clearly write;
T-j k
y 71:13 tr
h  =
k
V wP 2r 
*2 =
so that
*t2 _ t 2P 2 
'll " V l
Our only remaining problem is the calculation of the 
pressure heads and P^. This is straightforward if the 
same average height of the liquid h is present in each case, 
so that the two pressures are in the ratio of the densities 
of solution and solvent ^ and  ^^ .
3s = V  = h l i
*11 tjfvqg t if’i
For dilute solutions ^  an<^  ^  are practically identical, and 
hence,without serious error
3s
*u ' ti
The variation of the viscosity ratio with concentration 
of dissolved polymer can be expressed as a power series in 
concentration as follows:
2^—  = 1 + [n]c + kc^ + ••• (2)
where [li] and k are both constants. This equation simply 
shows that at zero concentration the viscosity ratio is unity
and that at higher concentrations this quantity increases in 
an approximately parabolic cianner with increasing c (the 
fourth term in the expansion does not become important until 
high values of c are reached), If we confine our attention 
to fairly dilute polymer solutions so that only the first 
three terms in the above expansion need be considered, 
equation (2) can be rearranged to the following form:
*12 ~ r ,
— —  =  +  kc
This shows that a plot of the quantity on the left-hand side 
of the equation against c is a straight line of slope k and 
intercept at c = o of thus yielding these quantities.
*
The quantity (r^  - c is termed the viscosity number ,
and hence,the quantity the limiting viscosity number
or ? in an older nomenclature,the intrinsic viscosity.
For a given polymer-solvent system at a fixed temperatur 
both [rp and k depend on molecular weight. Detailed 
examination of the relationship between these three quantitie 
shows that
Ci^ ] = k m “
or
and
log10 = logio K + a losio M
k = k * IrQ 2,
where M can be either the number or weight average molecular 
weight. In these equations K* a and k are independent of 
molecular weight; the exponent a usually lies between 0.5 
and 0.8 and the constant k* (known as the Huggins' constant)
between 0,3 and 0.^ .
* It is also called reduced specific viscosity,
( being the specific viscosity.
Clearly, if tables of K and a are available for a variety 
of polymer-solvent systems, then measurement of [r^ 3 in a 
particular case enables M to be computed directly*
The measurement of , it will be recalled, involves 
the determination of the viscosity ratio ^ / \ l  at a series
of concentrations of polymer.
If the distribution of molecular weights within the 
sample is the same as that used in the calibration experiments 
its molecular weight is a number average molecular weight.
If the molecular weight distribution is markedly different, 
then the molecular weight so obtained is neither a weight nor 
a number average value but a viscosity average defined by
viscosity average molecular weight is normally less than M
So far ,we have not considered the changes produced when 
a different solvent type is used for a particular polymer or 
when the temperature at which the measurements are made is 
altered. In principle,we can study the effects produced by 
such changes in one of two ways; either we can choose a 
particular concentration, say 1%, and compare the viscosity 
ratio in different solvents and at different temperatures or 
we can evaluate the parameters and k and study the
variation in these quantities. The latter procedure has
the
1/a
In the special case when a = 1, M  becomes identical with K r 1 v w
However, since a usually lies between 0.5 and 0.8, the
but rather ereater than M • ° n
proved to be tiie more rewarding for some physical interpre­
tation can be put on the limiting viscosity number •
For this reason, some numerical values of [2^] and k * for 
polyisobutylene of weight average molecular weight 1,460,000 
in two solvents at several temperatures are given in the 
following table.
TABLE 1.
Values of [i}] and k for polyisobutylene
V
(Mw = 1,460,000)
Solvent t
«
k
o 3 -1C cm g
Benzene 25 137 0.47
35 190 0.37
50 251 0.35
65 280 0.35
Cyclohexane 20 515 0.36
30 515 O.36
45 515 0.36
6o 515 0.36
Two points from this Table deserve comment. Firstly, the
values of in cyclohexane, a ’’good” solvent for this polymer
are rather greater than those in benzene, a ’’poor” solvent, at 
comparable temperatures. Secondly, the values of in the
’’poor” solvent are appreciably temperature dependent unlike
those in the "goodn solvent. This behaviour* is quite 
general.
To understand these results, we shall have to understand 
the pnysi cal significance of the limiting viscosity number 
and the underlying reason why it increases with molecular 
weight. For this purpose, we re-examine the simplified form 
of equation (2),
Ha r , 2— - = 1 + Lnjc + kc
Hi
The first term, unity, expresses the condition that,when no 
polymer is present, the viscosity is necessarily that of the 
pure solvent. The significance of the second and third terms 
can be deduced most simply by first replacing c in terms of 
N, the number of molecules per unit volume, and differentiating 
the resulting equation with respect to N. Thus:
Ho tn]M !<(“ )2 2
JS = i + — -.-S . N + --- 5—  . N 2 (3)
*ll N N 2O o
and therefore,
d(lta/ l t l ) = + 2ic(^n ) 2
dN No N 2
N
The differential form of equation (3) shows that the addition 
of one molecule to unit volume of the solution increases the
viscosity ratio by _
W  Mn
1, a constant quantity ------
No
2, an amount which depends directly on the number of 
molecules already present.
Thus,the second term of equation (2) expresses the fact that
a proportion of the viscosity ratio arises as a result of
each polymer molecule present in unit volume making its own
particular contribution of Cnl M /N . The third term showsi* n o
that the remainder of the viscosity ratio arises as a result 
of the interaction between polymer molecules for, on its 
account, the increase in the viscosity ratio on addition of 
one molecule to unit volume of the solution depends on the 
number of molecules present.
To proceed further, we shall restrict our attention to 
polymer solutions in which the polymer molecules are separated 
from one another by large numbers of solvent molecules; that 
is,we shall not consider the problems which arise from polymer 
entanglements•
Now the viscosity of a liquid is a measure of the rate 
of energy dissipation occurring in unit volume when the liquid 
flows. When a velocity gradient is set up in a pure solvent, 
solvent molecules move relatively to one another,and consequent 
1y, work is done against the intcrmolecular forces of 
attraction. The rate at which this work is done, that is, 
the rate of energy dissipation, determines the solvent 
viscosity. When a polymer is dissolved in a solvent, 
additional molecular motions must be considered,and it is 
these which give rise to the enhanced viscosity.
To understand this more clearly, let us consider the 
motion of a particular polymer molecule as the solution flows 
down a tube. For simplicity, let us simulate the molecule 
by a model consisting of a string of spherical beads tne
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"pearl necklace” model.
As a consequence of its large size, the polymer molecule 
experiences a torque due to the different solvent velocities 
at different points along its length. Consequently, a 
continuous rotation is superimposed on the downward motion 
of the molecule; that is, the polymer molecule "tumbles" 
down the tube (something similar occurs with a fairly large 
irregularly shaped body moving in a river). This rotation 
constitutes an additional source of energy dissipation as 
polymer segments sweep across the flow lines,and hence the 
presence of the polymer molecules results in an increased 
viscosity relatively to the pure solvent. For low velocity 
gradients where it may be assumed that the average dimensions 
of the polymer molecules are unaffected by the solvent motion, 
the effect is directly proportional to the number of polymer 
molecules present per unit volume, the constant of 
proportionality (essentially the limiting viscosity number) 
being dependent on the dimensions of the molecules themselves. 
From this, it follows that any factor which increases the 
polymer dimensions necessarily increases [r|J . Thus,an 
increase in the molecular weight of a given polymer resulting 
as it does in an increase in the polymer dimensions is 
necessarily accompanied by an increase in [r^ ] • For the
same reason, a change in the solvent type from a "poor"
solvent to a "good" solvent results in an increase in Ci^ ] •
Finally, the considerable increase in in the case of
"poor" solvents resulting from an increase in temperature is 
understandable in these terms for once again the fundamental
effect is tlie increase in the polymer dimensions as the 
solvent "improves",
quantitatively the effects cannot be so easily accounted
for because of the difficulty of writing down the appropriate
velocity gradient within the polymer molecule itself. If it
is assumed that the velocity gradient is unchanged in the
vicinity of a polymer molecule, then we have what is termed
the "free draining" coil model; in this model, the velocity
of a solvent molecule at any point in the polymer is identical
with that which it would have had at the same point, had the
polymer molecule not been present. The analysis of such a
model produces the result that [ijj should be almost directly
proportional to the molecular weight; i.e. doubling the
molecular weight should produce just over twice the value of
Another alternative is to regard the polymer molecule
as impermeable to the flow of solvent through it; that is,
the solvent molecules within the polymer coil move at the same
velocity as the polymer molecule itself. Analysis of this
model produces the result that [r^ ] should be almost directly
X
proportional to M 2, The experimental results clearly indicate 
that neither of these extreme descriptions of the solvent flow 
in the presence of polymer molecules is correct. The real 
situation is that which we would expect on general grounds, 
namely that the solvent flow is perturbed from that in the 
pure solvent by the presence of the polymer molecules but not 
to such an extent as to be immobilized relatively to them. A 
proper account of such effects is clearly extremely difficult. 
Furthermore ,if this perturbation of the solvent flow pattern
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extends into the solvent regions separating the polymer 
molecules, we can account for interaction between polymer 
molecules without involving entanglement as the cause. This 
again is a difficult problem to set down properly,and 
consequently,the prediction of the third tera of equation (2) 
under our chosen conditions cannot be successfully 
accomplished. Nevertheless,Flory has given an account of 
the viscosity of such solutions which leads to the very simple 
expression for the limiting viscosity number for polymers of 
molecular weight 10,000 and over
[ip = I
(,2)3/2
Mn
where is a universal constant independent of solvent,
,23mo lecular weight and temperature and equal to 2,3 x 10
—  1mole „ This expression shows that the limiting viscosity 
number is determined by the dimensions of the polymer 
molecule in solution: r is the molecular end-to-end
distance.
POLYELECTROLYTSS
(l) Generic considerations
According to its etymology electrolyte is a substance 
that conducts electricity; the prefix Mpoly” shows that the 
compound in question is a rather complex one involving the 
repetition in a greater or smaller extent of a basic unit.
The ionic centres dispersed along the molecular chain 
create an electric field whose strength greatly varies with 
the distance; this means' that in their proximity the 
counterions will be held very firmly, though at a considerable 
distance the ions may be considered practically as free. 
Actually, a non-uniform distribution of the ions takes place, 
exhibiting regions of high ionic density in contrast with 
others of great rarefaction. This pattern may,in some 
circumstances, assume great kinetic importance as it favours 
the preferential localization of certain charged entities.
The configuration of a polymeric chain is intimately 
dependent on its structure, and its shape will be very 
different according to the presence or absence of ionic groups. 
The type of ionic centre,when present, and the frequency with 
which it appears and its way of distribution are factors 
further affecting the spatial form of the polymer,
A simple electrolyte when dispersed in an ionizing 
medium provides a much more regular ionic atmosphere. The
ions surround one another in a way that minimizes the 
electric interactions among them, giving rise to a homogeneity 
absent in the previous case.
Let us consider, then, the two possibilities: uncharged
polymer and polyionic chain. There are two main factors 
influencing the configuration of an uncharged polymer, 
namely: energetic interactions between polymer segments and
the solvent molecules, and those between groups in the chain 
and their nearest neighbours, Xf now we consider a polyionic 
chain we must remember that the repulsion between like charges 
will condition its form in the sense that this will tend to 
assume an extended configuration as far as possible. Of 
course, the counterions decreasing the net charge on the 
polymer constitute a real opposition to the previous effect. 
Concluding, the greater the degree of association polyion - 
counterion the less extended, or more coiled, the polymeric 
chain will be, as it necessarily follows from a decrease in 
the net charge of the polyion.
It is interesting to consider what happens on dilution 
of a polyion, On adding a solvent some of the counterions 
retained by the polyion will move into the new free spaces , 
so that an extension of the chain will be the natural result. 
On the contrary, if a salt is added this will favour the 
closer retention of the counterions,and so,tne contracting of 
the polymeric unit. It must be noticed that as the expansion 
of the chain is not possible beyond a certain limit the loss 
of counterions by the polyion on solution will become more 
and more difficult. It is worthwhile pointing out that the 
simple explanation previously given to account for tne 
extension of the polymeric chain on dilution is contradicted 
by some experiments involving sodium ions as counterions, in
spite of its applicability in several other cases (potassium, 
cadmium, silver, , . . The sodium anomaly has been discussed
by Oosawa [43]•
(2) Ion-binding or counterion association
Several techniques clearly show t XI e attraction exerted 
by a polyion on its counterions, among them are osmometry, 
conductivity,and refractivity.
Measurements of osmotic pressure [44] made conspicuous 
the retention of counterions by polyions. In effect, the 
behaviour of an uncharged polymer is quite different from an 
ionic one. So, while the first shows an increasing of tc/ c  , 
osmotic pressure over concentration, with c, concentration, 
the second exhibits a variation in the opposite sense. With 
regard to the last case, when dilution is effected some of 
the ions retained in the neighbourhood of the polyions will 
be liberated; with the advent of new active entities an 
increase of osmotic pressure occurs.
Conductivity methods cited in [45] show that the fraction 
of counterions retained by the polyions depends on the polymer 
concentration: the specific conductivity of the solution
decreases with increasing concentration, and this must be 
due to a greater retention of the counterions as the 
concentration grows, In the experiments referred to in [35] i 
the presence of sodium ions in the anodic region was shown 
by the use of a radioactive tracer,
Refractivity measurements relating to the interaction 
of polyelectrolytes and water, [47]*have shown that two degrees 
of hydration of the polyions exist, each one being character­
ised by its own relative freedom to abandon the restrictions
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imposed.
Attention is drawn to tlie tact that the calculated fraction 
of bound counterions depends on the method selected.
(3) Chain configuration as a function of the concentration
Experiments showing that polyionic chains expand
on dilution.
The literature has, in part, been discussed earlier in 
relation to viscosity, osmometry, and molecular weight 
determination,
Viscometric measurements provide a basis for the belief 
that concomitantly with dilution there is an expansion of a 
polyionic chain. It has been shown that the reduced specific 
viscosity, Hsp/c, increases on dilution. This may be 
explained by postulating a "more effective filling” of the 
whole volume by the polymer as the solution becomes less 
concentrated, which implies an enlargement of the chain.
If we consider a polyionic chain with a certain 
configuration, its expansion will occur as a result of the 
increasing electrostatic repulsive forces between net like 
charges, whose accumulation is a direct consequence of the 
escape of some counterions to the free regions created when 
adding solvent.
By addition of a simple electrolyte the retention of the 
counterions is favoured and, consequently, if the amount of 
salt is large enough the characteristic increase of *\»sp/c 
inherent to dilution will gradually disappear and the behaviour 
of the polyelectrolyte will resemble that of an uncharged
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polymer more and more. That is to say, the empirical 
relationship
^sp/c = A/(l + B Vc~ )
valid for polyionic compounds in the absence of extraneous 
salts gives place to
^sp/c = f (c),
a linear function exnioiting an increase of *tsp/c with c, 
characteristic of uncharged polymers.
( k) Activity coefficients of counterions
It is inferred that a substantial decrease of the 
activity coefficient of the counterions occurs in the 
surroundings of a polyion.
The activity coefficient is affected by the nature of 
the polyion, namely,the kind and density of ionic groups in 
the polymer, and its concentration, but not by its degree 
of polymerization. With regard to the activity coefficient 
of a by-ion (co-ion, nebenion or by-ion is an ion whose 
charge-sign is the same as that of the polyion), the presence 
of the polyion practically does not influence it more than a 
simple electrolyte in similar conditions would do.
The additivity rule for activity coefficients states 
that the real activity coefficient of an ion in a mixture 
polyelectrolyte—simple electrolyte is the weighted mean of 
those values that would be assumed in each isolated case.
Or, indicating by y the activity coefficient and by c the 
concentration, and using the subscripts p and g for poly­
electrolyte and simple electrolyte, respectively, we can write
ymixture
YP.CP+TSCS
Cp+Cs
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It is interesting to notice that a similar rule holds 
for osmotic pressures.
POLYELECTROLYTE EFFECTS ON REACTION RATES.
Following from the above discussion concerning the 
non-uniform ionic distribution in a polyelectrolytic medium, 
it is to be expected that a kinetic effect will appear in
4c
reactions where the reagents are susceptible to electrostatic 
interaction with the polyion. If the reagents carry like 
charges (no matter whether similar or contrary to that of 
the polyion) an increase of rate is probable, and the 
opposite effect is to be expected if their charges are 
opposite.
The degree to which the polyion may alter the rate of 
a reaction is in an intimate connexion with the density of 
its ionic groups, but, on the other hand, does not show 
dependence on the degree of polymerization of the polymer*
It is evident that the kinetic effect promoted by a 
polyion is not an exclusive property of its own in the sense 
that there are external factors that intervene. So, as the 
interaction between ions depends on their charges, the 
interaction polyion-counterion will vary with the charge of 
the latter, and the greater this, the greater the kinetic 
effect will be.
* Reagent here must be understood in its restricted 
sense of reactive species.
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It should be remembered that, as far as these kinetic 
effects may be considered as being the result of non-uniformity 
in the electric field created by the polyion, with the 
implication that there are charged particles to be acted 
upon, they will not appear when neutral molecules form the 
substrate. Even in this case polyion-molecule interactions 
may take place, but by dipolar, etc., interactions which are 
far less important than those previously mentioned. This 
situation is that of the present investigation.
The greater the ionic density along the polymeric chain, 
the greater the corresponding effects upon reaction rates.
As an illustrative example, the influence of poly(styrene- 
sulphonic acid) and poly(vinyisulphonic acid) on peptide 
hydrolysis may be cited, [64, 53], the second having the more
pronounced effect.
Reference [52] deals with hydrolysis of polysaccharides 
by poly(styrenesulphonic aci d) . This, [65], is a strong
polyelectrolyte,and as such,there will be a highly localized 
hydrogen—ion atmosphere surrounding the sulphonate groups [77] J 
then, if any positively charged molecule is present it will 
be attracted to these acidic regions. Moreover, if the 
molecules referred to above are susceptible to acid hydrolysis, 
this is expected to proceed at a faster rate than under 
similar monoacidic conditions. Experiments were carried out 
using mono',oligo- and polysaccharides, either originally 
neutral, or charged, and their rates of hydrolysis with 
0.04 N hydrochloric acid and poly(styrenesulphonic acid) (PSS) 
measured.
The observations are summarised as follows:
Substrate Rate of hydrolysis in PSS
Rate of hydrolysis in HC1
Methyl 2-acetamido-2-deoxy- 
(3 -D- glueopyrano side 
N- acetyl-lactosamine
t
N-N -diacetyl-chitobiose
- 1 - 1.5
Methyl 2-amino-2-deoxy- 
(3-D-glueopyranoside 
hydrochloride
~  30
Hydrochloride salt of a 
diethylaminoethyl ether of 
starch [67]
20
The importance of the presence of basic groups is clear.
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E X P E R I  M E N T A L
(A) Tlie preparation of poly(vinylbenzyltriethylammonium
hydroxide).
I, The preparation of polystyrene.
The polymerisation of styrene into polystyrene was 
carried out in xylene solution with benzoyl peroxide as 
initiator.
(l) Preparation of materials.
(1.1.) Benzoyl peroxide.
The wet benzoyl peroxide was dried at room temperature, 
under vacuum (p = 0,02 mm) and over phosphoric oxide for
4.5 hours. The peroxide-content was determined by the 
iodometric method of Nozaki [8 l], Three samples were weighed 
(0,0696; O.O766; 0.0978 g); to each, contained in a 250 ml.
conical flask stoppered with a rubber bung, acetic anhydride 
(10,00 ml.) and sodium iodide (lg.) were added. After 
complete dissolution, carbon dioxide-free distilled water 
(50 ml.) was added, the flask violently swirled and the 
liberated iodine titrated against standard thiosulphate 
solution [80]. Blank titrations were carried out but they 
showed that oxidising agents were absent. Another set of 
three experiments was performed in a similar way. The mean 
percentage content of benzoyl peroxide in the dried product 
was found to be 98.8 and 98.7 ? respectively, in the first 
and second series.
Appendix linpagel90 shows the obtained experimental 
values as well as the calculations done.
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(1.2.) Xylene.
This involved drying over anhydrous calcium chloride
overnight, removal of the hydrated desiccant and distillation
using a Vigreux type column. The first fraction was
discarded and the second one b.r. 139 - l40° collected. The product
was kept over sodium wire.
(1.3.) Styr ene.
The oily, slightly yellow styrene (300 g.) was shaken
with 2N aqueous sodium hydroxide (200, 200, 150, 100 ml,).
The first alkaline washing liquid acquired a pink colour;
the others were colourless. Then, the organic layer was
washed 6 times with distilled water; after these treatments
the washing water did not communicate pink colour to the
phenolphthalein. Then the product was dried over calcium
ochloride for 2 days, at 5 C, in a refrigerator.
The monomeric styrene was distilled under reduced 
pressure while a slow stream of dry nitrogen gently bubbled 
through it. A Vigreux column was used. The product 
b.p. 33 — 33.5°/10 mm, was collected; it was colourless.
(2.) The polymerisation of styrene to polystyrene
In a 1 litre "Pyrex" round-bottomed flask the purified 
monomer (100.1 g.), xylene (300 ml.) and benzoyl peroxide 
(0.4719 g) were put , By means of a two-way tap and
connecting with a vacuum line the de-gassing of the system 
was achieved; on turning the tap an inert atmosphere was 
provided by connecting with a nitrogen source. This was 
done 5 times. Then the flask was sealed with a ground-glass 
stopper and transferred to an oven at 80.5 C where it was kept 
for 24 hours.
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After unis period of time tlie initial clearness of the 
liquid remained, nevertheless its viscosity increased; it 
had a pale yellow colour.
Polystyrene as a fine, white powder was obtained when 
this solution was allowed to drop at a very slow rate into 
mechanically and vigorously stirred distilled methanol (1.5 1 .). 
This product was collected in a Buchner funnel, thoroughly 
washed with methanol (300 ml.) and transferred to a beaker 
where it remained in contact with methanol (300 ml.) for
2.5 days. Then the solid polymer was filtered off again, 
and after a new washing it was put in a vacuum oven at room 
temperature, p = 0.25 mm* drying over calcium chloride and 
paraffin wax shavings until constant weight was attained.
The yield of polystyrene was 66.0 g. This will be called 
polystyrene I.
Another batch of polystyrene was prepared in a similar 
way but using a greater percentage of initiator; as a 
consequence a product with a smaller degree of polymerisation 
was obtained. For batch number II of polystyrene benzoyl 
peroxide (0.6799 g.)*styrene (64.0 g.) and xylene (150 ml.) 
were used. The yield was 52.0 g.
II. The viscosity-average molecular weights of the 
polystyrene specimens.
The polystyrenes, dried to constant weight, were used 
to prepare toluene solutions of known concentration 
(approximately 1 g dl ) . Their flow-times, as well as that 
of toluene, in an Ostwald U-tube capillary viscometer 
(Mo. 1, British Standards Specification No. 188 - 37) j
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placed in a thermostat bath, at 25.00 — Q.02°C, were determined.
On account of the importance of the verticality of the 
capillary tube a special viscometer holder (Townson and Mercer 
X294 Universal) was used; this was adapted to a socketed lid, 
"The level of the socket was adjustable by means of screws; 
perfect horizontality was checked by a spirit level. The 
toluene and the polystyrene solutions were filtered into the 
viscometer through a freshly burned-off 100 mesh Monel-raetal 
gauze.
The stop-watch used in the measurements was previously 
checked. It proved to be reliable taking as reference the 
radio time-signals. For each flow-time a minimum of 
5 readings were made. The maximum deviation between any 
two of them was 0,3 sec. The flow-times were re-determined 
after k hours; the mean values were unchanged.
The relative viscosities of the polystyrene solutions,
, were determined by dividing their times of flow by that 
of toluene. Then, the intrinsic viscosity, [r^ ] , for each 
sample was determined from the Huggins equation [82] 
modified in accordance with Kraemer1s definition of [n] [83] S
2.303 log n
 ---------32J£ = [^] _ (0.5 - k
where c is in gdl  ^ and k is the Huggins constant. The
value of k employed (0,33) was that given by Fox and Flory [84] 
for a temperature of 30°C,
The viscosity-average molecular weight (M^) was calculated 
with basis on the following relationship [85]•
a
[1^] = K.Mv
The values of K and a used (l,l6 x ICT^ and 0.72, 
respectively) were those obtained by Green [86], who used 
polystyrene samples of known weight—average molecular weights 
for the calibration.
Tne results for both batches of polystyrene are shown in 
Table 2 . Two sets of experiments were performed.
TABLE 2 .
Viscosity-average molecular weights from measurements 
in toluene at 25.00° - 0 .02°C.
Batch
% of benzoyl 
peroxide on 
monomer
Yield
°/o
Concn.
C-1
gdl
*tr Calc,
[ld idig _ _
-4M xlO
V
D.P.
I O • CK 66 0.9924 1.2901 0.2649 4.62 444
II 1.05 81 1.152 1. 212 0.1736 2.57 247
I — - 1.0248 1.2947 0.2601 4.51 433
II - - 1.0572 1.192 0.169 2.47
.
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III. The chlororaethylation of polystyrene,
(1) Preparation of materials.
(1.1) Dioxan.
Distillation was carried out under dry nitrogen and in 
an oil-bath. The drying of nitrogen was achieved by means 
of a calcium chloride tower and its flow—rate was measured in 
a bubbler containing liquid paraffxn. The incursion of 
humidity in the system was avoided using a calcium chloride 
guard tube connected with the receiver of the distillate.
The fraction b.r. 99*5 ~ 101.5 was collected.
(1.2.) Anhydrous zinc chloride.
Zinc cnloride was fused in a porcelain basin and kept in 
its molten state for, at least, half an hour to make sure that 
all the retained wafer was reiioved, Then, a small quantity 
at a time, tnis liquid was poured into a mortar where it was 
ground as quickly as possible and immediately stored in a 
desiccator.
(1.3) Chloromethyl methyl ether.
On account of the harmfulness of its vapour this 
rectification was carefully carried out in a fume cupboard,
A column packed with Fenske helices, a double-surface 
condenser and a calcium chloride guard-tube were used. 
Throughout all the distillation a slow stream of dry nitrogen 
passed into the boiling liquid. The fraction b.r, 57 - 58° 
was kept as the useful one; those distilling before and after 
this were discarded.
(2) Procedure .
Chloromethyl methyl ether (265 g.) was put in a 1 litre 
round bottom 3-neck flask fitted with a mercury-sealed stirrer 
and a double-surface condenser at the top of which there was 
a calcium chloride guard-tube. Through the right-hand neck 
polystyrene (19.8 g.) was transferred into the reaction vessel. 
Humidity was not allowed to enter the system because the 
polystyrene was kept in a conical flask tightly connected with 
the reaction vessel by means of a short piece of polythene 
tubing. Later on this flask was used to transfer the 
anhydrous zinc chloride. As the polystyrene was added with 
stirring, a clear pale yellow solution formed. After cooling
the reaction medium by surrounding it with an ice-water bath, 
the zinc chloride was carefully added so as to avoid an 
excessive thermal rise. The cooling bath temperature 
oscillated between 8 and 12° and that in the inferior of 
the flask did not go over 15°.
Cloudiness of the reaction mixture was observed a* a 
consequence of the addition of progressive amounts of zinc 
chloride. Concomitantly a change in colour was noticeable.
It varied from yellow-brown to violet-brownish.
The stirring went on for another 2 hours after finishing
the addition of the zinc chloride. Meanwhile the heat
evolution ceased and the temperature inside and outside the
oflask became equal (18 ).
In order to stop the reaction a mixture of dioxan (135 ml.) 
and similar amount of water was added drop by drop with 
vigorous stirring and cooling with ice. The addition was 
kept at a convenient rate so as to prevent the temperature 
rising above 15°• As the mixture dioxan-water was added 
the cloudiness gradually disappeared and the brownish colour 
of the product of reaction faded; at last, a sticky, yellow 
resin separated leaving a yellowish liquid phase.
Distilled benzene (190 ml.) was added to extract the 
resin. This benzene solution was then thoroughly washed 
with distilled wafer, (17 x 200 ml.); however, the washing 
water persisted acidic ( %  = 6 —  7) .
Then, the polymeric solution was added dropwise to 
vigorously-stirred distilled methanol (21.). As a consequence 
a fine, white powder was obtained. This was filtered and
-72-
washea with methanol. It was dissolved again in benzene 
(250 ml.) and reprecipitated in methanol. After new 
filtration and washing, it was dried in a vacuum oven, 
p = 0.3 mm, over phosphoric oxide and paraffin wax shavings, 
until constant weight was attained.
A sample of this chloromethylated polystyrene was sent 
for chlorine analysis in duplicate. Found: Cl, (i) 23.23, 
(ii) 23.36%. The result is very close to that required to 
complete monochloromethylation of the phenyl groups of the 
polystyrene: 23.23%.
Later, another batch of chloromethylat ed polystyrene was 
prepared. Found: Cl, (i) 23.98, (ii) 23.86%.
IV, The intrinsic viscosities of the 
chloromethylated polystyrenes.
The general procedure was identical to that used with 
the polystyrenes, except that fouir solutions of known 
concentration were prepared for each specimen. After 
measuring the relative viscosities of all the solutions,
2.303 los10^  was plotted against c. The extrapolation of 
the straight line through the points to c = o gave the 
intrinsic viscosity for each polymer.
Table 3 shows the values obtained. Graphs are included.
TABLE 3
Intrinsic viscosities, [1^] , in toluene at 25.00 C of 
chloromethylated polystyrenes•
*------- — — — — — — -
:Batch of chloro­
methylated 
polystyrene.
dig
D.P. of 
the parent 
polystyrene I
I 0.252 439
II 0. 2*1-5 439
V, The quaternisation of chloromethylated
polystyrene with triethylamine.
( l) Preparation of materials.
(l.l) Dioxan,
Dioxan was purified by refluxing it in presence of 
sodium pellets with a continuous stream of dry nitrogen until 
the surface of the sodium balls became shiny. A brovm resin 
appeared at the bottom of the flask as a consequence of this 
operation. After filtering, the liquid was fractionally 
distilled through a column packed with Fenske helices. Dry 
nitrogen was constantly passing through the system.
The fraction having b.r. 101 - 102° was collected,
(1.2.) Triethylamine.
Triethylamine was dried over small pieces of sodium; 
these were removed and then the liquid distilled using a 
column packed with Fenske helices. The fraction b.p,. 90° 
was collected in a receiver fitted with a calcium chloride 
guard-tube and kept over sodium wire.
(1.3.) Methanol.
A normal distillation was carried out b.p. 65 •
(2) Procedure.
This quaternisation reaction was conducted under dry 
nitrogen in a 50D ml, round—bottomed flask fitted witn a 
mercury-sealed stirrer and a condenser, in a thermostatically 
controlled water-bath at 60°.
To chloromethylated polystyrene (batch. No. I; 20.7®, 
O.lA moles)dioxan (80 ml.) was added; then, a solution 
containing triethylamine (28.3 0.28 moles) and
dioxan ( 40 m l .) was added with stirring. Methanol ( l40 ml.) 
was adaed slowly; as a consequence of this addition the 
initially clear liquid became cloudy for a few minutes; 
after a while the turbidity disappeared and a pale yellow 
solution formed. Uith continued stirring and a gentle 
stream of nitrogen passing over the top of the condenser the 
reaction was allowed to go on for 48 hrs.
After this period of time the clear, yellow solution was 
withdrawn from the thermostat bath, cooled and poured into 
distilled diethyl ether (2.51.) with manual stirring. A 
whitish, soft and sticky mass formed, wrapping around the 
stirrer. The drainage of the ether retained in the polymer 
was allowed as far as possible and then the product was 
transferred to a glass container and put in a vacuum oven at 
room teaiperature, p = 6 mm, drying over calcium chloride and 
paraffin wax shavings. As a result of this drying operation 
the volume of the polymer suffered a substantial increase and 
it became brittle. At this stage, it was suitable to be 
ground; on grinding,the yellow mass was converted into a 
white, fine powder. A further drying under vacuum, p = 0.1 mm 
yielded 37.5 g. of product.
The polymeric quaternary aJESKonium chloride was dissolved
in distilled water (300 ml.) giving a pale yellow, slightly
alkaline (p,-, = 9) solution with an unpleasant smell. This 
n
solution was concentrated until dryness in a rotary film 
evaporator (maximum temperature: 60 ). A transparent yellow 
film was obtained which, after being ground, was dried under 
vacuum and over phosphorus pentoxide until constant weight 
was achieved (33.0 g).
Later, a second batcli of* this polymer was prepared in 
a similar manner, starting with batch No. II of chloro- 
methylated polystyrene (the latter having been prepared 
from polystyrene I).
( 3) The determination of the chloride ion content of the 
polymeric quaternary ammonium chlorides,
M o h r 1s method was used [£7]• The mean chlorine content 
of batch No. I was 13*75% and of batch No. II 13.20%, These 
values correspond to yields of the quaternisation reaction 
of 97. Wo and 92.1% of t he theoretical values, respectively.
The explanation of the calculations is given in pages 192-3.
VI. The conversion of the polymeric quaternary ammonium 
chloride into the hydroxide, in aqueous solution.
This conversion was achieved by means of a suitably 
prepared anion-exchange resin (Amberlite IRA - ^01), The 
preparation of this resin involved the utilization of large 
amounts of water that was saturated with nitrogen and free 
from carbon dioxide.
(l) Preparation of water free from carbon dioxide
and saturated with nitrogen.
In a 5 litre "Pyrex" conical flask distilled water 
was boiled for at least half an hour. Then the flask was 
stoppered with a rubber bung with two holes, fitted as follows 1 
Into one of them a T —piece was insertedj this allowed the 
passage of a constant stream of nitrogen while the water 
cooled to room temperature. One of the branches of the 
T-piece was connected with a bubbler, thus showing the flow—rat 
of the nitrogen. Through the other hole of tne rubber bung
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a long glass tube (nearly reaching the bottom of the flask) 
passed. This tube was atts.ch.ed to a long polyethylene 
tubing with a tap at its end. This device allowed the 
withdrawing of the water 'whenever needed.
After cooling of the flask until room temperature, 
the small bubbler annex to the T-piece was sealed off. To 
remove the water it was enough to establish a syphon in the 
glass tube, recommencing the flow of nitrogen.
(2) Preparation of the ion-exchange column.
The anion-exchange resin was a strongly basic, slightly 
cross-linked polymer, based on polystyrene, Amberlite IRA-401. 
The small yellow beads of resin (500g) suspended in water 
were loaded into a long glass tube (90 x 4,8 cm.) and more 
water was added so as to provide a filling as uniform as 
possible. At the bottom of this wide tube there was a 
narrow one (0.5 cm.) as outlet. To this,a suitable piece 
of polyethylene tubing was connected,to which there was 
adapted a two-way tap0 This was found to be a convenient 
device- to provide back-washing of the resin. when this was 
done there was adapted to the top of the wide glass tube 
a rubber bung with a hole supporting a U-tube whose length 
was such that it would never allow the resin to run dry.
The lower end of the U-tube coocnusiicated with a receiver 
having a soda-lime tube.
vJhen downwards washing was wanted, the U-tube above 
was withdrawn and a tap funnel bearing a soda-line tuoe 
adapted. The washing liquid was taken out through tne 
second tubule of the tap.
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The resin, as supplied, was in its chloride form. It 
was "conditioned" by passing gjj aqueous sodium hydroxide 
(600 ml,), distilled water (11,) and 2N hydrochloric acid 
(600 ml.), successively. After washing with more water 
(4l,), 2N and IN aqueous sodium hydroxide were passed through 
the column until the test for chloride ion [87] in the 
eluent showed a negative result. This consumed 10 and
12.5 litres,respectively,of the above alkaline solutions.
The resin was considered to be converted into the 
hydroxide form at this stage, and washing with distilled 
water was carried out until 100 ml. portions of the liquid 
withdrawn were practically neutral. This required the 
passage of 73 litres of water.
(3) Preparation of the ^ 0,IN polymeric quaternary 
ammonium hydroxide solution.
The polymeric quaternary ammonium chloride (23*9 gi 
batch No. X) was dissolved in water ( 140 ml.) and then this 
solution was passed through the column; it was followed by 
more water. After the collection of 50 ml. of eluent it 
became alkaline, so a 1 litre polythene bottle flushed out 
with nitrogen and protected with a soda—lime tube was 
immediately used as a receiver.
One litre of eluent was collected. It was noticeable 
that the passage of the polyelectrolyte caused tne appearance 
of a darker brown colour in the resin. The solution 
collected was a clear, pale yellow, slightly viscous liquid 
with an unpleasant smell.
Batch No. II of the poly ill eric quaternary ammonium 
chloride was similarly converted.
(4) The analysis of the polymeric quaternary 
ammonium hydroxide solution.
(4.1.) The determination of the hydroxyl ion content.
This was done by a volumetric method using samples of 
known weight of potassium hydrogen phthalate.
On account of the considerable viscosity of the polymeric 
quaternary ammonium hydroxide solution,a special correction 
for the discharge-time of the pipette when delivering it, 
was made. Calling t the discharge time of the 10 ml. pipette 
when water was used and nxt that one corresponding to the 
complete delivery of the polymeric solution, this was allowed 
to drain until nx 15 seconds had elapsed.
To 50 ml. of ^  0.025 hydrochloric acid 10 ml. of the 
polymeric solution were added, and 3 drops of phenolphthalein. 
The excess acid was titrated by means of an - 0,060 N sodium 
hydroxide solution. In this way it was found that the 
collected solution coming straight from the column was 
0.07178 N.
In appendix 3 , page 1S'4,the experimental values are shown. 
(4,2.) The chloride-ion content.
This was done by Mohr's method [87]. It was found that 
1 or 2 drops of — 0.01 N silver nitrate were enough to get a 
permanent red-brown precipitate, so the chlorine content of 
this polymeric hydroxide solution was very low.
The second batch of polymeric hydroxide showed a negligible 
chloride ion content, too; the solution coming straight from the 
ion-exchange column was 0.08745 N in hydroxyl ion.
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B« Performance of the kinetic runs.
I* 1-reparation of standard solutions
Alkaline solutions were kept in screw-top polythene 
bottles previously filled with, nitrogenj after each opening 
of the oottle, it was puxfed out with this inert gas.
(1. ) Preparation and standardisation of ^  0 .060 IT 
carbonate-free sodium hydroxide.
This was done as described by Vogel [6 l],
(2.) Preparation and standardisation of ^  0.01 N 
carbonate-free sodium hydroxide.
This was obtained by suitable dilution of ^ 0.060 N 
sodium hydroxide. This diluted solution was kept in the 
polythene bottle shown in appendix . Every morning the 
solution filling the burette was discarded and fresh solution 
run in.
{3.) Preparation and standardisation of the
~ 0,060 N poly(vinylhensyltriethylammonium 
hydroxide) aqueous solution.
The polymeric hydroxide as obtained from the anion- 
exchange column was diluted to an 0.060 N aqueous solution. 
This was titrated in a similar way to that described in A.VI,4.1.
(4.) Preparation and standardisation of 
—  O.Q23 N hydrochloric acid.
This was effected as described by Vogel [62]•
Checking of the titres obtained in standardisation was 
done by titrating the solutions against one another. Also, 
benzoic acid [91] was used as a secondary standard for the 
sodium hydroxide solutions.
(5.1.) Purification of the esters
A series of six straight-chain esters was involved:
ethyl acetate, ethyl propionate , propyl acetate,’ butyl
acetate, ethyl butyrate and propyl propionate 5 each one was
treated in a similar way.
Anhydrous sodium sulphate was prepared by heating it
to 150 \ after cooling, it was used to desiccate all the
esters. These were distilled twice; only the fraction
oboiling over 1.0 was collected. The boiling points and 
refractive indexes were recorded, page 85. Gas chromatograms 
of each ester were conducted in order to ensure the required 
degree of purity (impurities were in all cases less than 2%).
A Pye Argon Chromatograph was used whose detector was of the 
ionization type. The column packing consisted of Porapak Q 
(crosslinked polystyrene beads without any coating liquid) [92] 
The esters were stored in brown, glass-stoppered bottles.
(5.2. ) Solubilities of these esters at 0° ,
It was not essential to know the exact values of these 
solubilities, but it was necessary to ascertain that their 
solubilities considerably exceeded the concentration used in 
the kinetic runs. Tests were conducted to discover if they 
remained in solution in at least 0.015 moles/litre 
concentration.
A convenient volume of each ester so as to contain 
approximately 0.00375 moles was transferred to a 250 ml. 
volumetric flask and after dilution with water thorough 
shaking was done; then, the flask was kept in the ice—machine
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for several hours. The homogenous appearance of all the 
solutions was taken as proof of a solubility not less than 
0,015 moles/litre.
II. Procedure for the kinetic runs.
By means of a graduated micro-syringe, approximately 
0,00375 moles of ester were transferred to a 250 ml. grade A, 
volumetric flasx; water was added until nearly the mark and 
allowed to cool in the ice-machine, for at least 4 hours, 
after intense shaking.
Also the supplies of —  O.OoO N sodium hydroxide and of 
the alkali to be used in the kinetic run,(sodium hydroxide and 
the polymeric hydroxide,respectively) were chilled in the 
ice-machine referred to above.
When a steady thermal state was achieved,the ester 
solution was made to the mark and mixed. Then, 100 ml. were 
pipetted into each of the two 150 ml. conical flasks, which 
had been previously puffed out with nitrogen. The kinetic 
stoppers were fitted in the flasks and these chilled again 
in the ice and water thermostatic bath used throughout the 
kinetic runs.
To one flask,the cooled 2^ 0.060 N sodium hydroxide (50 ml.) 
was added,mixed,and then put in the thermostat bath.
The other flask was connected to the nitrogen by-pass 
tube and the "kinetic" alkali (50 ml.) added to it; mixing 
was achieved by swirling the flask. As soon as the first 
drop of alkali was delivered the stop-watch was started.
At intervals (approximately 2,5i9»l4,21,30»40,55 and 79 min.),
10 ml. of the reaction mixture were removed and run into 10 ml.
of — 0,025 N hydrochloric acid; 3 drops of phenolphthalein 
were added and the "titration carried out with the 0,010 N 
sodium hydroxide, nitrogen being blown into the flask 
meanwhile,
When the run was at an end both flasks were T./ithdrawn 
from the insulated and stirred bath of ice and water and 
placed in the refrigerator (t —  ) until the next day.
Then, two 10 ml, samples of each flask were taken out and 
titrated as before.
It was ascertained from preliminary experiments' that the 
time necessary to chill the solutions was one hour.
Ethyl acetate, ethyl propionate, and propyl acetate were 
hydrolysed by batch No, I of poly{vinylbenzyltriethylammonium 
hydroxide), while butyl acetate, ethyl butyrate and propyl 
propionate were hydrolysed by batch No, II,
III, Run results recordings
The date, ester and "kinetic11 alkali names were recorded. 
Also, times elapsed until complete delivery of the 10 ml, 
pipette, times of reaction and volumes of — 0,010 N sodium 
hydroxide solution spent in the titrations,
IV« Calculations 
Let us call
a the initial concentration of ester (moles/1),
b " " " " the "kinetic"
alkaline solution, 
t the time elapsed since the falling of the first 
drop of the alkaline solution until complete 
delivery of the 10 ml, pipette (sec,)>
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t the time of reaction (sec.),
x the concentration of* the sodium salt forsied during 
the hydrolysis,
F the Function ioe- x 2.
b -a &10 b(a - x) *
The time oF reaction, t, was calculated with basis on t
subtracting halF oF the sum oF the delivery times oF the
30 and 10 ml, pipettes used in the kinetic runs.
The x values were calculated From the volumes oF —  0.010 N
sodium hydroxide consumed in the titrations oF the samples
withdrawn and the knowing oF the concentrations oF the
hydrochloric acid and alkaline solutions involved.
It is clear that:
10 x normality oF HC1 = volume oF — 0,01 N NaOH
used in hack titration (v ml.) x normality oF the
titrating NaOH + lOx normality oF the ^ 0 .060 N
50
"kinetic" alkali x^ -rrr - 10x150
x equals a when v is the value corresponding to a 
reaction time oF 24 hours; the values oF "a" so obtained 
From the kinetic run and the reFerence solutions were 
compared. IF any diFFerence appeared the value corresponding 
to the latter was taken; the diFFerences were very small.
b was the normality oF the stock "kinetic" alkali 
concentration multiplied by the dilution Factor, 50/150*
As an example, the First kinetic run For ethyl
o  • •acetate at 0 using sodium hydroxide is given in detail m
Appendix 4, page 195*
A drawing oF the apparatus used is included, see
page 197,
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Graphs in which the Function
2*303 6l( b “3c) / — 1
F ~ ’"b-a"’ los10 hTa-xi' n 1 x mole ) is plotted against
—  2time (in seconds, x 10 ) For each ester are shown in
pages 199 to 204, the lower sets oF curves corresponding to 
hydrolyses run with NaOH and the upper ones with PV/ii. In 
any one oF them, the origin has been successively displaced 
by 40 units (oF F) along the ordinate axis. The rate 
constant (in 1 x mole x sec ) For each run has been 
evaluated From an individual plot oF Foolscap size.
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Boiling points and refractive indexes, n ^ , 
for the six straight-chain esters used in 
the kinetic runs„
Boiling poir t, °C 20Refractive indexes, n^
Ester
Found Litera­
ture value
Found ] 
(i) (ii)
literature
value
Ethyl 
ac e t at e 76.5- 77 77.15 1.3709 1.3703 1.37243
1 Ethyl 
propionate 98 -100 -? 99.10 1.3822 1.3820 1.3838520•2
Propyl
acetate 100 -102 101.6 1.3825 1.3826 1.38438
Ethyl
butyrate 121 -122 121.3 1.3904 1.3900 1.3928 |
Butyl
acetate 124.5-126.5 126.5 1.3922 1.3919 1.39514
Propyl
propionate 121.5-123.5 123.4 1.3922 1.3919 1.3935
The literature sources were: Handbook of Chemistry and
Physics, Chemical Rubber Publishing Co., 32nc* Edition.
Eyre and Spottiswoode, Dictionary of Organic Compounds.
Timmermans, J., Physico-Chemical Constants of pure organic
compounds, Elsevier, 1950.
The value found for A.R, benzene after distillation and
20drying over sodium sulphate was 1,4991 whereas the
literature value is 1.50110 (Timmermans) and 1.5014 (Handbook 
of Chemistry and Physics)•
The second time the refractive index of benzene was 
determined it was found to be 1.4990 (in duplicate).
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RBACTIONS OF POLY(CHLOROIIBTHYLSTYRENB)
(A). The Grignard Reaction
(1) Preparation of 2-methyl-1-phenylpropan-2-ol
This preparation closely followed that described in
[88] .
In a 500 ml. three-necked flask, fitted with a 
mechanical stirrer, a reflux condenser and a separatory funnel 
both with calcium chloride guard-tubes,magnesium turnings 
(4.86 g.) washed with ether and dried in an oven [75]» 
absolute ether (100 ml.), a crystal of iodxne and benzyl chlorid
(1-2 ml.) were placed.
The reaction started in a few minutes. With the 
stirrer working the benzyl chloride (23 ml. less that above) 
was added so as to get an adequate refluxing (one hour). The 
reaction proceeded for another 3 hours, when acetone (23 g*) 
dissolved in ether ( 100 nil.) was added at such a rate that 
there was a fast refluxing. A greyish precipitate formed.
The flask was cooled in an ice-bath, cracked ice ( l40 g.) 
was carefully added and the magnesium hydroxide dissolved by 
addition of 20% sulphuric acid (100 ml.). The ethereal layer 
was separated, thrice washed with water and another three txmes 
with aqueous sodium carbonate. Drying over potassium
carbonate followed.
The ether was removed (steam bath) and the product 
vacuum distilled. The high-boiling fraction was subsequently 
fractionated. Three fractions were collected, the maxn one 
having b.p. 55°/0.5 mm, n^^ ^ 1.5H 0 .
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found; dissolution of the gelatinous mass in m-cresol, 
benzyl alcohol and aniline was tried without evident success,
(B )• Halogen-Substitution Reactions
Poly(cyanomethylstyrene) preparation 
This work was based on [59]•
Preliminary experiments on the solubility of CMP and potassium 
cyanide were performed; DMSO (lml.) dissolved the polymer (0.40 g, ) at 
25°5 the potassium cyanide solubility was found to be very 
small as 12 ml, of DMSO were unable to dissolve 0,40 g. of it 
at 50°.
CMP (4,56 g.) and potassium cyanide (4,00 g.) in DMSO 
(37 ml,) were allowed to react, in a conical flask provided 
with mechanical stirring and a Bunsen valve, for 24 hours in 
a thermostat bath at 35°. After this period elapsed the
reaction mixture was poured into redistilled methanol (400 ml.); 
a pale yellow precipitate formed. The mixture was filtered 
and the precipitate washed with methanol and water. Then, 
the solid product was put in the vacuum oven (p 0,5 m m .) 
and dried over phosphoric oxide, 5,0 g. of dry product were 
obtained.
Both nitrogen and chlorine were found to be present by 
the sodium fusion method.
Found: N, 8,70%.
A second batch was prepared using CMP (7•31 g»)» 
potassium cyanide (6,5 g*) and DMSO (60 ml,). Three different 
stages of reaction took place whose temperature and time were 
25, 35 and 45° and l6 , 8 and 16 hours, respectively.
Found: N , 7•4 2%,
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Reduction of nitriles effected by 
lithium aluminium hydride
(1) Benzonitrile
The procedure given in [89] was followed,
A 500 ml, tnree—necked flask fitted with a mercury—sealed 
stirrer, double-surface condenser and tap funnel was used,
A solution of lithium aluminium hydride (1,6482 g,) in 
sodium-dried diethyl ether (87 ml,) was put in the reaction 
vessel and benzonitrile (4,5 ml,) in ether (8.7 ml.) was 
added dropwise. The reaction was allowed to proceed with 
stirring and cooling in an ice-bath for 4 hours. Then water 
(1.7 ml.) was very carefully added followed by 5 N potassium 
hydroxide solution (1.3 ml.) and some more water (6 ml.).
The ether solution was decanted and the ether distilled off. 
Vacuum distillation yielded 2,5 g. of product, b.r. 192-204°.
(2) Fhenylacetonitrile
The process was similar to (1).
The amines obtained in (1) and (2) were further 
characterized by the preparation of their benzoyl and 
p-toluenesulphonyl derivatives whose m.p.s. were determined.
benzylamine p-phenylethylamine
observed m.p.
°C
m.p.
given in 
tables 
°C
observed 
m.p.
0 '^O
m.p,given 
in 
tables 
°C
p-toluenesulphonyl 
derivative of 106 105 66-67 67
benzoyl derivative 
of 105 1 0 5 -1 0 6 114-115 116
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(3) Poly(cyanomethylstyrene)
The reaction was carried out analogously to those 
already described, but with some changes. The tap funnel 
used to transfer the nitrile was replaced by a small flask 
linked to the reaction vessel with a short piece of polythene 
tubing. Also heating was provided so as to promote reaction, 
and the reaction-time was increased to one day.
Some tests, namely solubility in 1 N and concentrated 
hydrochloric acid, diazotation and ignition were performed.
The solubility was low in both cases, the diazotation reaction 
gave evolution of nitrogen, and the ignition showed the ash 
content to be large (45.5%).
Trials of purification of the polymeric amine:
(1) The crude, polymeric amine was treated with concentrated 
hydrochloric acid, and the mixture heated. After cooling, 
the suspension was centrifuged at 1,000 r.p.m. The 
supernatant liquid was filtered and to the filtrate 2 N sodium 
hydroxide was added until p_^. 10. The white precipitate that 
formed was filtered through a sintered-glass funnel and washed 
with 2 1, of water. Very surprisingly, in spite of this 
thorough washing, the washing waters gave alkaline reaction. 
The ash content of the ’'purified11 product was determined and 
found to be high (58,1%).
(2) This time organic solvents were tried (DMSOjDMF, 
aniline, m-cresol). Aniline was the best solvent. The 
aniline solution was poured into diethyl ether and a very 
slight precipitate formed. Its ash content was high (60.1%)• 
An explanation is found in the observation that alumina is
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soluble in aniline. The experiment was carried out 
as follows:
A 10% solution of aluminium sulphate was prepared 
and ammonia added to it. The gelatinous white precipitate 
was allowed to settle and the supernatant liquid removed.
The precipitate was washed three times with distilled water 
and then dried in a desiccator over phosphoric oxide.
Alumina (0.1 g.) was placed in a test-tube and aniline 
(10 ml.) added to it. Complete dissolution was achieved 
even when cold.
Reactions involving sodioacetylacetone 
Preparation of the sodio derivative of acetylacetone 
Reference [953*
In a 250 ml. conical flask provided with a reflux 
condenser, strips of sodium (6 g.) were carefully added to 
absolute ethanol (150 ml.). Then, redistilled acetylacetone
(26 ml.) dissolved in ethanol (25 ml.) was added. After two
minutes, a needle-like, white precipitate formed which was 
filtered, washed with ethanol and then dried in an oven at 50°.
Sodioacetylacetone is readily soluble in DMF (1 g. of it
completely dissolves in 8 ml. of DMF),
(1) Reaction with benzyl chloride
To a 250 ml. round-bottomed flask in an oil-bath 
sodioacetylacetone (12.2 g, = M/10) and DMF (6 l ml,) were 
transferred. An air condenser having at the top a two-way 
adaptor was fitted to the flask. In the side-arm a 
soda-lime guard-tube was put and through the vertical one 
a solution of redistilled benzyl chloride (12,5 ml, = M/10) 
in DMF (38 ml.) was added.
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The temperature of* the oil-bath was kept between 50 and 
100 for 3 hours. As there was no evident sign of reaction, 
the temperature was raised to 150 , and maintained for 5 hours 
at 160 - 170°.
The reaction mixture was filtered and the orange liquid 
distilled in an oil-bath; it yielded a yellow liquid (5 ml.), 
b.r. 100 - 150°/1.5 - 2.5 mm. The yield was 30% of the 
theoretical.
( 2) Reaction with chloromethylated polystyrene
The solubility of CMP in cold DMF is high (1,5 g, dissolve 
in 5 ml.),
This reaction was performed identically to that described above,
Equiraolecular amounts were used (M/100).
The reaction mixture was poured into mechanically stirred 
methanol (90 ml.); filtration followed. The brown solid was 
successively washed with methanol, N/2 hydrochloric acid, water 
and methanol. The product was dried under vacuum (p 1.5 mm.) 
over calcium chloride.
(3) Reaction with poly(epichlorhydrins)
(3*1*) Average m.w. = 1,000.
The reaction in which equiraolecular amounts of the 
reagents were used was carried out under conditions identical 
to the previous ones.
Attempts to get the reaction product into a fine, 
precipitated form were made, first by pouring the reaction 
mixture in methanol (actually this caused a dissolution of 
the solid-unreacted sodioacetylacetone), then, after removal 
of the solvent by the use of light petroleum (b.p. 40 - 60 ),
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cyclohexane and benzene, but without success.
(3.2.). Average m.w. = 2,000
Tnis time, the unreacted sodioacetylacetone 
was destroyed by washing with water and hydrochloric acid. 
Then, the liquid was steam distilled. (See below).
Preparation of the copper derivatives of 
the acetylacetonates prepared
(1) Benzyl acetylacetonate (M/100) dissolved in ethanol 
(10 ml.) was added to an aqueous solution (20 ml.) of cupric 
acetate (1/100 equivalents) with manual stirring. A grey 
greenish precipitate formed. On addition of concentrated 
ammonia, drop by drop, an intense blue colour appeared.
The precipitate was washed with ammonia solution and water 
and subsequently dried in a vacuum desiccator (p 1.3 mm.) 
over calcium chloride.
This product was purified by dissolution in boiling 
benzene followed by chilling in ice. The greenish precipi* 
t^te was dried and analysed, 
m.p. 204°C.
Found: Cu, 13,7% Calc, for C 2%H 26°4Cu: lk
(2) The preparation of the copper derivative of the 
Mpoly(chloromethylstyrene acetylacetonate)” was preceded by 
solubility tests on the parent polymer. Cold and hot 
conditions in acetone, ethylene glycol, DMF, toluene, anisole 
and acetophenone were tried; the solubility increased in the 
order mentioned.
The acetophenone solution of the polymer was treated 
with the cuproammoniacal solution as already described.
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The copper content of the product obtained, 3.3%, is 
substantially less than the theoretical one, 12.9%.
(3.2.) The residue of the steam distillation was treated
with cuproammoniacal solution. No immediate precipitation 
took placej however, after a long period (one day) a slight 
blue greenish precipitate formed. Its high copper content 53.2%, 
leads one to suspect that it was not the complex sought,
(k) . Reaction with acetyl chloride
Reference [79].
This was carried out in a 500 ml. two-necked flask 
immersed in an ice-bath. Acetyl chloride (l4.1 g. = 0.90 x 
0.2 moles) was added dropwise to a suspension of the sodium 
derivative of acetylacetone (2^.4 g. = 0.2 moles) in 
sodium-dry ether (100 ml.). After stirring for k hours,
1 N sulphuric acid (100 ml.) was carefully added. The 
acidic layer of the two-phase liquid was separated and washed 
with ether, the extracts being added to the main ethereal 
portion. The whole was washed with water and dried over 
sodium sulphate. Filtration and ether removal followed.
The remaining liquid was subsequently distilled, yielding 
two fractions: The first (6.3 g«) b.r. 65 - 9^ and the 
second (7.5 g.) b.r. 9Li - 100°/10 mm. The yield based on 
the last fraction only is 30% of the theoretical rising to 
55% when both fractions are considered.
( 5) Reaction with methacryloyl chloride
(5 .1.) Preparation of methacryloyl chloride
This preparation C933 was preceded by the purification 
of pyridine and methacrylic acid distillation.
Pyridine purification
It consisted of 2 hours refluxing with potassium 
hydroxide pellets followed by distillation. The distillate, 
b.r. Il6 — ll8 , was tested for peroxides giving a positive 
result. Their partial removal was achieved by passing the 
liquid through a column packed with activated alumina.
(5.1.2.) Methacrylic acid distillation
This was effected in order to remove the inhibitor. 
Distillate b.r. 79 - 83°/10 mm, was collected.
Preparation of methacryloyl chloride
In a 250 ml. black painted flask immersed in an ice-bath 
pyridine (4l ml,), methacrylic acid (43 ml.) and benzene sulphonyl 
chloride (77 ml.) were mixed with shaking from time to time. 
Distillation gave a white liquid b.r. 37 - 130°/10 ram.
Fractionation with a Vigreux column yielded a distillate (40 ml.) 
b.r. 99 - 104°, mainly 102 - 104°. This product had a very 
unpleasant odour and was terribly irritating to the eyes.
Reaction procedure
This closely resembled that for acetyl chloride. Three 
experiments were performed under the following conditions:
'Exp t . 
No.'
Sodio
acetyl
acetone
Methacryloyl
chloride
■ ....... ” 1
Reaction C 
time
ooling
agent
Inhibitor 
added* 
(0.1 g.)
(1) M / 12 =
10.2 g.
- m / 12 = 
8.4 g.
3 h r . 20 min. Ice-
bath
Ph NH
( 2) 10.2 g. 8 m l . 1 h r .20 » Ice- 
salt 
bath 
(-5°C)
Ph0NH2
(3) 10.2 g. 8 m l , 1 h r .20 " f! p-t-butyl
catechol
*
The inhibitor was added twice; the first time 
just preceding the drying process over sodium 
sulphate and the second before the vacuum 
distillation under nitrogen.
Experiment (3) is detailed as follows:
Equiraolecular amounts of sodioacetylacetone and 
methacryloyl chloride (1/12 moles) were allowed to react for 
1 hour 20 minutes in an ice-salt bath (-5°C) as Experiment (2) 
gave a better yield than (1). The inhibitor added was 
p-t- butyl catechol instead of diphenylamine which produced 
a further increase in yield.
Expt. Distillate
No. Fraction B.r.
(°C)
Pressure 
(mm.)
Amount 
( g)
Yield
(1)
First
Second
60-90
90-105
1 - 1.2 
1.2
2.15
2.6k
; Basis = ( l)
First 58-72 1 - 1.2 1.31
(2) Second 72-100 0.9 k.15 1.61 x (1)
Third 100-105 0 . 9 - 1 • 2 to • to
First 56-80 ' 0.9 2.26
(3) Second 80-100 0.9 5.75 2.11 x (1)
Third 100-120 0.9 2.10
Gas-liquid chromatograms for the products of experiments
(1), (2) and (3) were run using a linear temperature programmer.
The conditions for the product of Experiment (3) were as follows
Starting temperature................... 100°
Final n.........................  1?0
Rate of heating.......... 2 /minute
Initial period .....................  5 minutes.
Both first and second fractions showed the existence of two 
predominant compounds whose characteristic retention times 
were the same in both fractions} these eompounds also appeared 
in the third fraction, but in markedly different relative 
amount s •
Fractions from Experiment (2) were polymerized using 
2% oca1 -azoisobutyronitrile in an inert atmosphere at 70°.
After 2 - 3  days, hard, dark brown solids were found.
Experiment (3)* second fraction:
This fraction was put in the preparative chromatographic
column in an attempt to separate the two main components shown
by its chromatogram. After 2 days a few drops of a main
compound were obtained and traces of two other compounds
could be seen in the collecting tubes. The principal 
20component, n^ 1.5033? was analysed. (Found: C, 63.5^?
H, ?.00%) .
Further trials of characterization of this product of 
reaction by i.r. and n.m.r. spectroscopy were made.
Trial of polymerization of the main compound:
The conditions used were as above. After a gradual 
increase of the liquid viscosity a solid, dark product formed.
The above experiments were based on earlier trials 
performed under the following conditions:
Trial
N o ,
Sodio 
acetyl­
acetone ( g)
Methacryloyl 
■ chloride
Stirring
period
Cooling
agent
Inhibitor
addition
(1) 2k.k 18.5 nil. 3 hours Ice-bath None
(2) 20.8 16 g. 3.5 " M PhpNH
(0.1 g.)
Prelimin­
ary expt. 
No.
Distillate Analyses
Fraction B.r.
(°C)
Pres sure 
(mm„ )
Amount 
(m l .)
Cl „ , Theoret- Found xcal
test '% C % H % C % H
(1)
First
Second
Third
58-84
84-96
96-100
2-2.4
1?
n
a f ew 
drops
1
2.5
(-)
63.2<» 7.22 64.24 7.20
(2)
First
Second
Third
33-53
53-91
91-141
0 .7-0.8 
0 .8- 1. 2 
1,2- 1.3
2.5
2.5
8.5
Second Preliminary Experiment 
First fraction:
3% initiator, 70° (later raised to 105°C)s.
A yellowish solid product was obtained.
Second fraction:
The conditions were identical to those for the first one. 
Its polymerization was easier giving a harder solid product 
after 2 hours.
Attempts to dissolve this polymer were made with benzene, 
xylene, tetrachloroethane and DMF. The first three did not 
succeed as solvents, however, a solution was obtained with 
DMF even under cold conditions.
A sample was sent for analysis (Found: C, 56.98;
H, 7.20%; Ash 1.99% grey)
Viscosimetric measurements gave the logarithmic viscosity
_ -j
number 0.342 dl g .
Third fraction:
Under the same conditions no solid appeared even after 
20 hours.
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Condensations of acetylacetone and formaldehyde 
Reference C 94] .
Three condensation reactions were carried out as follows:
( l) In a 5C nil. conical flask were placed ground 
paraformaldehyde (1.5 g.)» distilled acetylacetone (10 ml.) 
and diethylamine (DEA) (k drops). The mixture was immersed
O i
in a water-bath at ***75 for A-5 min, An orange colour 
developed which became deeper with time. A viscous material 
developed.
Regularly, with one day intervals, DEA (4 drops) was 
added (5 times). After the first day some drops of colourless 
liquid whose amount increased in time were noticeable in the 
orange oily layer. This was frozen in drikold as an attempt 
to speed crystallization, but this never occurred.
(2) Distilled acetylacetone (5 ml.) was mixed with 
formaldehyde solution, 3&/° w/v formaldehyde (k ml.). Two 
layers formed, the lower being colourless and the upper 
slightly yellow. Shaking caused turbidness which disappeared 
by addition of ethanol (13 drops). Then a solution of
1 volume of DEA and 9 volumes of ethanol (5 drops) was added 
with cooling under the water-tap as the reaction was consider­
ably exothermic. An homogeneous, slightly viscous liquid 
formed. On each of the next two days DEA solution (5 drops) 
was added. The product of reaction was a viscous material.
(3) In a 25 ml. round-bottom flask, acetylacetone (5 ml.)
and 36% formaldehyde solution (12 ml.) were mixed. Then with 
shaking and cooling under the water-tap dilute DEA (20 drops) 
was slowly added. After one hour the reaction mixture was
— j.v_? si-
distilled in an oil-bath. Colourless liquid (*v 7 ml.), 
b.r. 90 - 100° was collected. The liquid in the flask 
became orange and after prolonged (2 hours) and intensive 
heating (225°) a brown-reddish resin formed.
The solubility of this product in acetone, benzene,
DKSO, DMF, toluene, ether, carbon tetrachloride and light 
petroleum (b.p. 40 - 60°) was tested. The greatest extent 
of solution was achieved with acetone, followed by benzene,
DMSO and DMF? the two latter producing approximately the same 
effects. With the other liquids the resin remained practically 
insoluble.
The ha.rd solid product was frozen in drikold and 
crushed, a small column of the powder was set up, and an 
ammoniacal cupric solution passed down it. After passage 
through the column the intense blue colour of the original 
solution was, at least apparently, the same.
(A) FURYLACRYLIC ACiD, a-NAPHTHONITRILE AND 
TETRAKYDROFURFURYL BROMIDE PREPARATIONS
These three preparations, which are known to proceed 
with good yields in the presence of pyridine, were carried out 
following the instructions given in [90] . Later, identical, 
procedures were followed but with poly(4-vinylpyridine) in 
place of pyridine.
Reactions proceeding in the presence of pyridine 
The pyridine was previously purified. The purification 
process involved drying over potassium hydroxide pellets, 
filtration and distillation under nitrogen. The fraction, 
b.r. 113.5 ~ 114.5° j 1.5048, was collected. Its
gas-liquid chromatogram showed the presence of an insignifleant 
amount of impurity.
(l) Furylacrylic acid preparation
This required the drying of oalonic acid and distillation 
of furfuraldehyde.
Furfuraldehyde (19.9 g.)? malonic acid (20.7 g.) and 
pyridine (9.S g«) were mixed an a reaction flask and heatec. 
at 85° for 2 hours. After cooling,water was added and the 
acidic material dissolved with concentrated ammonia.
Filtration and aqueous washing followed. The desired product 
was then rendered available by acidifying witn hydrochloric 
acid. The flask was left in an ice-bath overnight, the so-.j.d 
was filtered and dried at 100°C, It had m.p. l4l - l4l.5 * 
20.5 g. of product were obtained.
(2) g-Naphthonitrile preparation
ot-3roraonaphthaXene and cuprous cyanide vrere, respectively 
distilled and dried,
a-Bromonaphthalene (22.9 g.)j cuprous cyanide (11.7 g.) 
and pyridine (29.8 g.) were put in the reaction flask 
immersed in a silicone-oil bath, and heated at ^ -*190° for 
19 hours. The hot solution was poured into ammonia solution; 
benzene and ether were added with thorough shaking. After 
filtration the aqueous layer of the filtrate was discarded and 
the organic one successively washed with dilute ammonia, dilute 
hydrochloric acid, water and saturated sodium chloride solution 
The ether and benzene were distilled off (water-bath) and the 
residue distilled.l6 *4g. of product, b.r. T2Q - 12^°/10 mm, 
were obtained.
(3) Tetrahydrofurfuryl bromide preparation
Both phosphorous bromide and tetrahydrofurfuryl alcohol 
were distilled.
In a 500 ml. three-necked flask fitted with a mechanical 
stirrer, thermometer, separatory funnel and calcium chloride 
tube, phosphorous bromide (32.8 g 0) and benzene (17 ml.) were 
placed. From the separatory funnel pyridine (15.1 g») was 
added with stirring. After cooling in an ice-salt bath 
(-5°C) a mixture of tetrahydrofurfuryl alcohol (34*5 g.) and 
pyridine (1.9 g.) was slowly added (3 hours), the reaction 
was allowed to proceed with stirring for another 2 hours,and 
then the temperature was allowed to rise to room temperature, 
without stirring. The mixture was left for 4l hours, and 
then transferred to a distilling flask, rinsing th*3 reaction.
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flask with benzene; this was distilled off in an oil-bath. 
The required product (45.9 g.) was collected at 82 - 88°/7
Reactions carried out in the presence of 
poly(4-vinylpyridine).
In each case the reaction procedure was identical to 
that described before, an equivalent amount of the polymer 
being substituted for the pyridine. The quantities used 
were as follows:
(1)
furfuraldehyde  .... . 1.9560 g,
malonic acid  ........ 2. 1045
polymer......... ...... 1,2818
O .38 g. of product, ra.p, l4l.5 - 142.5°j were obtained.
(2)
cuprous cyanide      0,9030 g.
a-bromonaphthalene ............. 1.8467
polymer  ...... ............ . 2.8442
1.07 g. of product, b.r. 120 - 124°/10 mm, were obtained.
(3)
tetrahydrofurfuryl alcohol...... 3.49?8 g.
phosphorous bromide  ........  3.2249
polymer ......... . 2.06 6 5
3.02 g. of product, b.r. 76 ■- 78 /3 «5 mm, were obtained.
9 mm.
— —
Summary of the experiments
1
Q.1uantity (g) of 
product
°/o
yield
Furyl acrylic 
acid
with pyridine 
*
with p.v.p
20.5
0.38
75
14
a -N aphthonitrile
with pyridine 
* *
with p.v.p
16 .4 
1.07
97
74
Tetra-
hydro furfury1 
bromide
with pyridine 
with p.v.p.
45.9
3.02
77
51
*
The stirring time was only 10 min, instead of 
2 hours, owing to stirring difficulties due to 
the sticky character of the reaction mixture.
* *
The reaction time was 7 hours instead of 15 
because of similar difficulties.
(B) (1) PREPARATION OF COPOLYMERS OF 2-VINYLPYRIDIUE
AND STYRENE AND THEIR USE AS DEHYDROHALOGENATXNG
AGENTS
Two copolymers were prepared in exactly the same way 
excepting the ratio of mixing of the two comonomers. They
were similarly used as dehydrohalogenating agents of
1-bromoocta.ne and their efficiencies as such compared.
( 1.1.) Puri fi cat ion of th© comonomers
2-Yinylpyridine
The dark brown monomer (95.0 g.) was washed with three 
100 ml. portxons of 2 N sodium hydroxide solution,and then 
dried over potassium hydroxide pellets. After filtration 
the 2-vinylpyridine was distilled at reduced pressure under 
nitrogen. The fraction b.r. 46 - 50°/4 mm, n^p 1.5482 was 
collect ed.
Styrene
The inhibitor was removed by washing the monomer (100 ml.) 
with equal volumes of 2 N sodium hydroxide solution, three 
times, and drying then over potassium hydroxide pellets. A 
vacuum distillation in an inert atmosphere (nitrogen) was
q  Q C
done. Distillate b.r. 44 - 50 /15 ram, n_ 1.5428 was collected.u
(1.2.) Preparation of the copolymers procedure
(1.2 ,1.) ”1.00 : 0 .80" copolymer.
A 'Mixture of 1.00 part of purified 2-vinylpyridine 
(65.85 g.) and 0.80 parts (52.70 g.) of styrene was made and 
to it 1% of a, a -asoisobutyronitrile added and dissolved by 
swirling. Nitrogen was passed through the solution for a 
few minutes, the flask was stoppered with a slotted corkj and 
then transferred to an electric oven at 66 .
The initially colourless, mobile solution became 
gradually red-orange and of increasing viscosity. After a 
period of 2,0 minutes a violent reaction took place which was 
manifested by a large gas evolution concomitant with the 
formation of an increasingly viscous product. The flask was 
removed from the oven and put in the fume—cupboard until the 
reaction subsided (r*> 20 minutes) • It was then transferred 
to the oven again, where it remained for another 20 minutes.
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The polymer obtained was frozen in dry-ice and crushed.
Subsequently it was dissolved in benzene (400 ml,)* at 5 ml,
$
of solvent/gram of polymer , The small fraction that 
remained undissolved was removed by filtration through a 
sintered-glass funnel, Further, the clear solution was
poured drop by drop into vigorously stirred light petroleum
o * *
(b,p, 40 - 60 ) (2,800 ml,) immediate formation of a fine*
very slightly orange precipitate occurring, The precipitate
was thoroughly washed with further light petroleum*and then
dried in a vacuum oven at 50°/0 ,l mm, over concentrated
sulphuric acid until constant weight was obtained,
* This concentration was decided on by previous 
trials whose aim was to find out the minimum 
amounts of solvent and precipitant leading to 
a nice, powdered product; more concentrated 
benzene solutions of the polymer produced 
sticky, "unmanageable" Materials by precipitation 
in light petroleum (b.r, kO - 60 ),
* * Experiment led to the conclusion that volumes 
not less than six tis&es that of the original 
benzene solution should be used in order to get 
a good quality product.
Found for the dry copolymer:
(a) C, 83.^0 ; H, 7.63; N, 8 .85%
(b) C, 83.38; H, 7.72; N, 8.72%
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(2 minutes) they were put in an electric oven at 67° wher<
(1.2 ,2,.) ”1.00 : 1.60” copolymer
The procedure was analogous to that described above;
2— vinylpyridine (o6 .(t g.) and styrene ( 106.3 g.) were mixed 
and powdered a ,a '-azoisobutyronitrile (1.72 g.) added to the 
mixture and swirled to dissolve the initiator; the whole 
was distributed in six boiling tubes. After excelling the 
air by passing a slow stream of nitrogen through each of them
•e
they stayed for 20 minutes. Then, on account of the violent 
nature of the reaction that too!.: place, the boiling tubes 
were transferred to the fume-cupboard where the reaction 
proceeded in a water-bath at 65 - 67° for another k hours.
The orange, solid product (170 g.) was dissolved in benzene
(510 ml.), subsequently precipitated in light petroleum 
b.r. 40 - 60° (3.5 i.) and thoroughly washed with the 
precipitant. The polymer was dried in the vacuum oven 
yielding 129.0 g. of product.
Found for the dry copolymer:
(a) C, 85.95; H, 7.56; N , 6.29%
(b) C, 85.96; H, 6 .96; N, 6 .17%
(1.3.) Characterization of the copolymers
prepared by a viscosimetric method.
This method was already described when dealing with 
polystyrene and chloromethylated polystyrene samples.
For each copolymer 3 toluene solutions of known concentration 
were prepared and their flow—times in an Ostwald viscometer
immersed in a thermostat bath at 25.00 - 0.02 C determined.
m . 2.303 l°g ^   ^ ^solution^
Two gra.phs were plotted showing -- —  Hr- t
c solvent
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as a runetion of c, iTom tiiern the intrinsic viscosities were 
derived by graphical extrapolation.
The obtained flow-times are condensed in the next table. 
Note: Solutions referring to copolymer n1.00:0 .80”
will be symbolised by (1) and those of copolymer 
"1.0 0 :1.60" by (2}.
Duplicate sets of experiments were carried out.
Flow-time measurements of toluene and toluene solutions 
of the copolymers 2-vinylpyridine-styrene at 25.00 - 0.02°C. 
(sec.) TABLE 6
Toluene
Toluene solution (1) 
c = 1.0028 g/100 nil.
Toluene solution (2) 
c=0.9648 g e/100 ml.
148.7 148.7 161.3 161.2 168.7 168.8
148.5 148.5 161.2 161.3 16 .7 168.8
l48.5 148.5 161.3 161.3 168.8 168.7
148.5 148.5 161.3 161.3 168.7 168.7
t
Toluene solution (1) 
c = 0.2588 s./IOC ml.
Toluene solution (2) 
c = 0.3272 s./100 ml.
152.4 152.3 156.3 156 .4
152.3 152.3 156.3 156 .4
152.4 152.4 156.4 156.3
152.3 152.3 156.4 156.4
n
Toluene solution (1)
c = 0.6404 g . / i o o  ml.
H
Toluene solution (2) 
c = 0.6472, g./lCO ml.
157.1 157.0 162.8 162.9
157.0 157.1 163.0 162,8
157.0 157.0 162.8 162.9
157.0 157.0 163.0 163.0
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From the graphs tiie following values of were
obtained:
copolymer " 1 . 00 : 0 . 80 " [ n ]  0 . 1 0 2  dl g “ 1
" " 1 . 00 : 1 . 60 "  [ i^ ]  0.169  dl g - 1
Calculation of approximate viscosity-average
m.w.s for these specimens
The expression
[i|] = K.M^06 K = 1.16 x 10 ^
a = 0 . 7 2
is valid for polystyrene, and it is used here to give an 
approximation to the viscosity-average ra.w.s of these 
copolymers,
(a) copolymer "1.00 : 0 .80"
b _  ° . ? 2
0.102 = 1.16 x 10 x Mv
-  ZjL
M = 1.23 x 10 v
(b) copolymer "1.00 : 1.60"
_4  -  °.72
0 0l69 = l.l6 x 10 x M v
M = 2.48 x 10^v
Following on earlier experiments, described later, 
it was decided to carry out a main set of six experiments. 
Two copolymers were prepared in relatively large amounts as 
described in pages 107 and 109 •
(1.4.) Purification processes
The identification of the products of the 
dehydrohalogenation reactions required the use of a certain 
number of standard samples, namely, 1- and 2-bromooctane and 
1- and 2- octene.
( 1) 1- bromooctane
This was dried over sodium sulphate, filtered and
twice distilled, talcing in the second distillation & cut with, 
sufficiently small b.r. interval (2°):
b o r , 197 - 199°
1.4492
(2 ) 2-bromooctane,
It was treated similarly to (1). 
b.r. 31 - 32°/0.8 - 1mm.
1044?2
(3) 1-octene
It was dried over anhydrous potassium carbonate, and 
then twice distilled.
b.r. 121 - 1 2 3° 
n^5 1.4050
(4) 2- octene
Its treatment was similar to that for 1- octene. 
b.r. 124 - 1 2 5° 
n ^  1.4110
(1.5) Dehydrohalogenation procedure
The assembly used consisted of a 100 ml. round-bottom
flask provided with an efficient geared mechanical stirrer and
immersed in a silicone oil-bath suitable for heating to 3 0 0°.
A condenser with an adaptor and graduated receiver were
connected to the reaction vessel. The crude distillate
obtained when heating to 3 0 0° was further redistilled and
25characterized by its b.r., n^ and GLC,
All the reactions were carried out in a similar 
manner, so only the full description for one of them - 
Experiment No. 2 - will be given as an example.
"1.00 : 0 ,8 0 " copolymer (1 7 . 5  g.) was weighed into the 
reaction flask and 1- bromooctane (15.6 g.) added to it. The 
stirrer was switched on so as to provide a good mixing of the
reactants; then, the silicone-oil bath was gradually heated 
so as to get a temperature increase as regular as possible. 
The record of the oil-foath temperature (°C) and volume of 
distillate (ml.) against time was as follows:
Time 
(min.)
Silicone-oil bath 
temperature ( C)
Volume of 
distillate (ml.)
0 24
5 65 -
10 95 -
15 110 -
20 130 -
25 156 -
30 193 -
35 216 0.2
40 229 0.5
^5 247 0.6
50 28o 2.0
55 300 5.5
6q
mco 7.5
63 268 8.6
70 2‘66 9.0
75 294 9.2
80 318 9.3
83 270 9.4
90 260 9.5
95 295 9.5
100 310 9.5
105 310 9.6
110 308 9.6
115 303 9.6
120 305 9.7
180 300 10.7
As the reaction proceeded the originally pale yellow colour
of the reaction mixture became deeper; also, its consistency
became thicker requiring the alteration of the driving power
of the stirrer so as to maintain adequate stirring. After
a period of 3 hours there was a brown-blackish residue in
the flask and no more distillate was collected, so the
reaction was considered as having reached its end. The
crude product was subsequently distilled. distillate
o 2 5(5.98 g.) , b.r. 121 - 12-6, n/ was collected, whichjlJ
corresponds to a 66% conversion. GLC experiments were run 
under the following conditions:
Column..... . 10% silicone oil
Temperature ....... . ljO^C
Flow-rate ............ 4? ml. argon/sain.
Voltage.... .......... . 1,000 volts
Attenuation..... . x 3
2Pressure .... . 7 lbs./in .
??
Chart-speed  .... . 30 /hr.
Sample-size ..... . 0.025 P-l.
Comparison with standard 1- and 2— octene mixtures 
led to the conclusion that the dehydrobroriiination of
1-broEooctane yields mainly 1 —octene, the concorciitant 
presence of 2-octene (less than 1%) having been observed.
Exp t , 
No .
Copolymer used Weight (g) of
Copo3_ ymer 1- browDoctane
*± 1*0 0 : 0 .80" I? .64 15.48
(37 * 7% excess} {0.1104 moles) (0.08021 mo1e s)
2 "1,00 :0 .80" 17.52 15.59
(35*8% excess) (C.1097 moles) (0,98078 moles}
3 "1,0 0 :1.60" 17.53 15 • 48
(0,07123 moles) (0.08021 moles)
4 i" 1.0 0 :1.60" 17.65 15.21
i (O.O7S54 moles) (0.07881 moles)
3 "1.00:1.60" 24.55 15.47
(36 * 2% exc ess) (0 * 109 2 mo1e s) (0*08016 moles)
6 '"1,00 :1.60" pis. K nz 15.44
(36,5% excess) (0.1092 Soles) (0.08000 moles)
holar ratio 
2- vinylpyridine: 
1- brosooctane
eight (g) 
of
distillate
%
,1.376 5.0? 65.3
,1.358 5.98 6 6 . l
0*9753 "i 1% 1 j* 42.3
0.9966 3.53 40.8
1.362 4.38 48.8
1,365 4.21 47.0
The calculation of the number of moles of vinylpyridine
groups in the copolymer used ’^ as done as shown:
. , , % of vinylpyridine in the copolymer
wexght of copolymer x —    — — — —  -------"•™‘w— *— -—
100 x m.w, of vinylpyridine 
The copolymer " 1 •00:0•80" is a more efficient 
dehydrohalogenating agent than the "1.0 0 :1.60" one.
Before the retain experiments on dehydrohalogene.tion, 
described above, vrere carried out, a number of preliminary 
experiments were sade,
A dehydrobromination experiment was first performed, in 
a way similar to those already described, but, in place of 
vinylpyridine-styrene copolymer, the reaction was carried out 
using 10.43 g. of poly-( 2-vinylpyridine) ; 17.04 g. of 1-
broiaooct&me yielded 4 ml, of colourless liquid, b.r. 124-126°,
2 c; o
1.4127. A higher boiling-range product, b.r. 168-194 , 
was also obtained ('•'^ 4.5 ml,). The bromide test by the sodium 
fusion method for this fraction gave a positive result. The 
presence of 1- bronooctane in it was actually confirmed by GLC.
The GLC experiments were carried out under the following 
conditions:
Column ........ 5 %  silicone oil
Temp,...... ........... 50°C
Flow-rate  ...... ml./min.
Voltage .............. 1,000 volts
Attenuation...... x 10
2
Pressure  .........  6 lbs./in
Chart-speed  ........  24”/hr,
and lead to the following conclusions:
The fraction with b.r. 124— 126 is mainly constituted 
by 1- octene while the high boiling-range one, b.r. 168-194°, 
is fundamentally 1- bromooctane with 1- octene traces.
Analogously,a set of preliminary experiments was carried 
out using the M1.00:0.30” 2-vinylpyridine-styrene copolymer*
A small-scale batch of this was prepared before the main one*
Found: (a) C, 8 3 .8 7 ; H , 7.94; N, 7.95%
(b) C, 8 3 .8 0 ; H, 7 .9 8 ; N, 7.95%
The effect of varying the reaction conditions, namely 
the influence of copolymer excess and rate of heating upon the 
yield was studied. It was concluded that while the rate of 
heating has a pronounced effect upon the yield, the use of 
copolymer excess has a small influence.
Conditions of the experiment % yield
Equimolecular amounts; continuous temperature
increase ........  7 8 . 2
” M; temperature kept constant
oat ^ 1 5 0  for one hour.. 3 5 * 7
5 0% excess of copolymer; continuous temperature
increase .........  80.4
(2) Preparation of 2- and 4- vinylpyridine polymers
Before the two relatively large preparations of
2- vinylpyridine-styrene copolymers, detailed above, a number 
of earlier polymerisations involving vinylpyridines were 
carried out.
(2.1.) Preparation of poly-(^-vinylpyridine)
The monomer was previously purified drying it over 
potassium hydroxide pellets, filtering and distilling under
vacuum and in a nitrogen atmosphere. The fraction
b.r. 84-86°/8 Kim. was collected.
The gas-liquid chromatogram of the purified monomer was 
obtained under the following conditions:
Column  .......... ..........  10% carbowax 1,000
100-120 mesh celite 
Temperature........ . . ... . .... . 125°
FXow-rate ......... ........... r^ 23 ol./min,
2
Cylinder pressure  .........  3 lbs/in
Voltage  ...... ........ 1,000 volts
Attenuation  .... . x 10
Chart-speed ................... 6n/hr.
Sample-sise  ....... . 0.05 ]il.
Three traces of impurities appeared which were disregarded 
on account of their minor relative importance.
(2.1.1.) Free-radical initiation method
To 50.0 g. of the purified monomer 0.192 g, (0.38% of
i
the monomer charge) of aa -azoisobutyronitrile were added? 
and then the solution was distributed in 6 test-tubes which 
after being sealed under nitrogen were transferred to an 
electric oven at 70° where they remained for 24 hours. After 
this period had elapsed the ampoules were removed from the 
oven. By this time the initially colourless, mobile liquid 
was brown, reddish and very thick, strongly adhering to the 
walls. The ampoules were opened in the hot flame and 
frozen in dry-ice. The reddish solid polymer was subsequently 
placed in a flask containing 500 mi. of redistilled 
t-butanol (b.p. 8l°) and fitted with a mechanical stirrer 
and a reflux condenser. After 3 days the orange solution 
was filtered through a sintered-glass funnel and then 
transferred to a flask. Benzene was added to it drop by 
drop, with vigorous stirring all the time. Formation of a
gelatinous, brown-orange precipitate occurred; the upper 
layer was decanted and the precipitate washed with three 100 
portions of benzene. The polymer was redissolved in l60 ml. 
of redistilled t- butanol and its solution freeze-dried.
The freeze-dryer was a vacuum desiccator whose thermal 
insulation consisted of a thick; cotton—wool coating on the 
top of which aluminium foil was placed. The desiccator was 
linked to a big cold finger (filled with drikold-acetone 
mixture) and this connected with the trap of the vacuum pump.
The polymeric solution contained in Petri dishes was 
frozen in dry-ice for 3 hours and the zinc plate of the 
desiccator as well. Then, dishes and plate were quickly 
brushed off and put in the desiccator, this being immediately 
wrapped with the insulator mentioned above. The system 
was evacuated and kept at 0.8 mm, for 7 hours. The vacuum 
pump was then switched off and the desiccator left under 
vacuum overnight. As a result of the solvent removal a 
porous, very slightly yellowish solid formed. This was cut 
into small pieces and further dried in a thermostatted vacuum 
oven at 32° and 0.8 irxi. pressure over anhydrous calcium 
chloride and paraffin wax shavings. The drying process was 
carried on until constant weight was obtained. 11.9 g» of 
polymer were obtained which corresponds to a 23«8% conversion
This polymer was the one used in the preparation of 
furylacrylic acid, a-naphthonitrile and tetrahydrofurfuryl 
bromide previously described.
(2.1.2.) Trial of redox polymerization of 4-vinylpyridine
A 500 ml, three-necked flask was fitted with a mechanica 
stirrer, a gas inlet tube and a 2-way adaptor, this witn a 
condenser and a tap funnel^ The flask was put in a thermosta
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bath at jQ and nitrogen put into it at an approximate rate 
of 2 bubbles/sec, Then, 200 mi, of water (free from
carbon dioxide and nitrogen saturated) were put inside the
flask, followed by 25 ml. of 4 -vinylpyridine. With the
stirrer running 10 ml. of concentrated hydrochloric acid were
added so as to dissolve the k -vinylpyridine. Then, 10 ml,
of solution A, 10 ml. of solution 3,and 20 ml. of C were
successively added drop by drop.
( Ferrous ammonium sulphate ........ 0.01 g.
(
Solution A ( 1.0 N Sulphuric acid .......  k ml.
(
( hater .  ...... 200 ml.
( Potassium persulfate . . t. . . . . 0,252 g.
Solution B (
( Water .......  50 ml,
( Potassium metabisulfite ....... 1.252 g«
Solution C (
( Water ....... 100 m i .
The reaction was carried on for 2 hours with continuous 
stirring; then, the stirrer was switched off but the nitrogen 
flow and thermostat bath remained on for another 5 hours.
They were then switched off and the assembly left overnight.
A portion of the reddish solution was dropped in a 
test-tube to which some concentrated ammonia was added.
No precipitation was observed, so the main solution in the 
flask was rendered acid, and stirring and heating at 50 were 
carried on for another 4 hours. The solution was tested 
again; it showed a very slight turbidity but no precipitate 
formed. A third attempt was made adding another 5 nil, of A,
5 ml. of B and Id ml. of C and carrying on the reaction for
6 hours. At the end of this period the solution was basified, 
but yielded no polymer.
(2.2) Preparation of poly- (2-vinylpyridine)
Monomer purification preceded the polymerization 
procedure, and was Carried out as for the isomer, 
b.r. 6 9-71°/4.2 mill.
Polymerization procedures
Ref erence [66] was followed.
In a 150 ml. conical flask purified . 2- vinylpyridine 
(8.9 g.) was put and ammonium persulfate (0.0893 g) added 
after conversion of the monomer into its salt by means of 
15% aqueous hydrochloric acid (21 g.), A nitrogen stream 
was passed through the flask for 5 minutes in order to remove 
the air. The vessel was loosely corked and stored in an 
electric oven at 50° for 24 hours. After one hour the 
initially colourless solution was slightly yellow, this colour 
becoming deeper with time. When one day had elapsed, the 
quite viscous, yellow liquid was taken out from the oven, 
diluted with 25 ml. of water and carefully neutralized with 
l4G g, of a 10% sodium bicarbonate solution. After addition 
of approximately half of it, precipitation of a white, gummy 
material occurred. Filtration and washing with plenty of 
water through a sintered-glass funnel followed; this 
occupied a considerable time as the sticky polymer obstructed 
the porous surface of the funnel* Then the polymer was 
dried in a vacuum oven at 10 mm. over concentrated sulphuric 
acid. 7*0 g. of a porous, slightly pinkish solid were 
obtained which corresponds to a conversion of *’*''80%.
A larger-scale preparation was carried out, but a low 
yxeld ( lO/o/ was obtained; tb.e reason is not known.
This polymer was tne one used in the first preliminary 
dohydroknlogenation experiment.
Some experimental work was devoted to establishing
whether the difficulties found when homo or copolymerizing
vinylpyridines could be partly assigned to incomplete
removal of the inhibitor. With this purpose in mind three
experiments were performed, two of them without, and a third
*
one with removal of inhibitor by alkaline washing. The
further polymerization ( 1% a , a 1 -e.zoisobutyronitrile, nitrogen
atmosphere, 66°) showed that when the inhibitor is withdrawn
■jf. * :
it proceeds much more easily •
* In the two first experiments 4- vinylpyridine 
monomer ( 10 ml) was dried ov.or potassium 
hydroxide pellets,and then distilled under 
vacuum in an inert atmosphere (nitrogen), 
with and without addition of trinitrobenzene,
respectively. In the third experiment the previous
removal of p-t-butyJ catechol by washing thrice 
with equal amounts of 2 IT sodium hydroxide 
solution was done, this being followed by 
distillation as mentioned above, without inhibitor.
* *
Effectively after one hour, the product 
corresponding to Experiment 3 was already 
solid,whilst the two others were very viscous 
indeed ,but still sticky even when l6 .5 hours 
had elapsed and after cooling to room temperature.
It was in the light of the experience gained in the 
foregoing section that the two large preparations of 
2-vinylpyridine-styrene copolymers were made.
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D I S C U S S I O N
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Introductory: The Present and
Related Investigations
The present investigation is part of a larger study of 
reactions effected by hydroxyl ions when the accompanying 
ion is,on the one hand,a conventional small ion such as 
sodium and on the other hand, a macromolecule, an extended 
polymeric ion bearing multiple charges. From the account 
of polyelectrolytes given in the Introduction we infer that 
there is a marked concentration of hydroxyl ions close to 
the charged macromolecule, the counterion layer, the 
concentration of hydroxyl ions falling off, as we extend 
into the bulk of the solution, eventually reaching a 
concentration less than that in an equivalent solution of 
e.g. sodium hydroxide.
The question posed is essentially2 
What is the effect of the polyion upon the course of the *
various reactions in which hydroxyl ions participate?
The base selected is poly(vinylbenzyltriethylammonium 
hydroxide). The side groups are analogous to 
benzyltriethylammonium hydroxide; they are fully 
dissociated into hydroxide ions and a quaternary ammonium 
group, and we are justified in calling this an alkali: it
is a permanently dissociated hydroxide. The present work 
follows on earlier investigations by Drs. borley, Jackson 
and Linnecar [1,2,3]-
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♦ Reaction Sequence leading to
poly(vinylbenzyltriethylammonium hydroxide)
The polymerization of styrene 
Styrene was polymerised in solution in xylene at 80.5° 
for 2 a hours, benzoyl peroxide was used as initiator; its 
percentage purity, determined iodometrically, was 98.8%„
The polymer (polystyrene I) resulting from the use of 0,5% 
benzoyl peroxide had m.w. 45,700 - another preparation using; 
1.1% benzoyl peroxide had m.w. 25,200.
lioiecular weights were determined vi Geometrically* 
Kraemer 1 s 1 ogarith::iic viscosity function has been 
used in the present work because, in the derivation, 
of [r|] for a given polymer, the slope of the plot of this 
function against concentration is less than that for the 
reduced viscosity, and the possibility of error is less.
Xraemer1 s definition of [1^] is given by the following 
equation:
2.303 log^n
[i^ ] - (0.5 - k ) [rjj:
c
- 1 1 / ’where c is in g dl and k is the Huggins constant ik e;
O .38 in the present case).
The viscosity-average molecular weights, » were 
calculated from the following relationship:
[r^ ] = K. M,
where K = l.l6 x 10 * and a = 0 .72.
The polystyrenes were soluble white powders; from the 
discussion of the literature in the Introduction, they are 
concluded to be essentially linear, head-to—tail polymers, 
atactic but probably with syndiotactic structures preponderating 
as is usual in free-radical initiated polymers.
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The Clilorometliylation of polystyrene ,
Aromatic hydrocarbons Slave been chloromethylated by 
several different procedures. The earliest successful 
cSilorornetliylatxon of bensene was carried out by Grassi and 
Maselli [5] who used paraformaldehyde and hydrochloric acid 
as chloromethylating agents. Since then a large variety 
of aromatic hydrocarbons have been chloromethylated, the 
procedures employed mainly consisting of use of:
1. a mixture of formaldehyde (either formalin or 
paraformaldehyde) and hydrogen chloride or 
concentrated hydrochloric acid,
2. a mixture of dimethyl or diethyl formal 
and hydrochloric acid,
3. clilorome thy! methyl ether or ssym-di chi oro dim ethyl 
ether ,
As some of the reactions proceed rather slowly 
catalysts were tried. Among them, those of the Priedel-Crafts 
type proved to be particularly useful. Lewis acids are 
often present. The use of sine chloride is widely7" spread [6] ,
however, stannic chloride is preferred when dealing with more
unreactive compounds C?3• Glacial acetic acid either alone 
[83 or mixed with syrupy phosphoric acid C9l? concentrated 
sulphuric acid [10] and aluminium chloride have also been 
used. The latter are not really very efficient as they
promote unwanted side reactions, i.e., formation of
diaryImethane derivatives.
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Benzene, naphthalene aind other unsubstituted aromatic 
compounds are quite readily nonochloromethylated.
Monoalkylbenzenes yield inainly Kionochloronethylated products 
(actually a mixture of p — and o— isomers, the first 
preponderating, but dichloromethylation may occur concomitantly 
as is the case for m- xylene [11], The presence of 
substituents has variable effect upon the clilorome thy la ting 
procedure facilitating or hindering it. In the first class 
alkoxy substituents are included while the presence of halogen, 
carboxyl C12] or chloromethyl groups makes the reaction more 
difficult, if not impossible as is the case when the degree 
of halogen substitution attains a high value.
In this work polystyrene was chloromethylated using a 
tremendous excess (1? times) of chloromethyl methyl ether 
in the presence of the Friedel-Crafts type catalyst zinc 
chloride. This method,: elaborated by M. Alger from earlier 
work by Jones, is advantageous in that polystyrene, catalyst, 
and product are all soluble in the ether even at relatively 
low temperatures ( 8°C). This statement concerning the
product solubility is true as long as the undesirable 
cross-linking side reaction of the type
/ /
r'TJT 'T'T-T
\ + \
K C  - < Q - h  +  C H 2T<f— X> C H  ------ */ * /
ZnCl^
/ x
CH CH
\ \
CH - < = >  —  CH CH + ZnC12 + HC1
is not allowed to proceed to a considerable extent; tnis is 
one of the reasons why such a large excess of the ether is
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used. If precipitation of the product caused by the 
above mentioned reaction occurred, then high yields of 
chloromethylated polystyrene would not be attainable.
The use of a low temperature of reaction is related to 
Jones *[13] observation that, at higher temperatures of 
reaction, as the degree of chloromethylation increases the 
tendency for cross-linking to occur becomes pronounced 
rendering the product insoluble with consequent gelation of 
the mixture [151•
The required reaction is as follows:
Pepper, Paisley and Young [16] also investigated the 
chloromethylation of polystyrene in excess of chloromethyl 
methyl ether, with stannic chloride as catalyst. They found 
that the polymer became insoluble when its chlorine content 
reached about 22%„ This represents a high degree of 
chloromethylation, complete mono-substitution corresponding 
to a chlorine content of 23.23%.
If stannous instead of stannic chloride is used as a 
catalyst [ 173 or still better if zinc chloride is employed 
non— crosslinked chloromethylated polystyrenes of molecular 
weights from 3 to 250,000 using a 7-fold excess of 
syra—dichloro dim ethyl ether for a reaction time of 12 hours at 
6oc *C are obtained.
The rate of chloromethylation reaction in excess 
chloromethyl methyl ether with zinc chloride as catalyst is 
of first order with respect to the polystyrene concentration [153.
ZnCl
+ C1CH OCH HOCH
3
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The effects of substituents in the aromatic nucleus on the 
rates of chloromethylation in chloromethyl methyl ether C123, 
are those typically observed when the attacking reagent is 
electrophilic, so we are induced to conclude that the 
chloromethyl methyl ether generates some electrophilic 
entity before or during the reaction, particularly when a 
catalyst is present. This conclusion is further supported 
by the fact that Freeman [18] found the proportions of o-, 
ra- and p- isomersj obtained when isopropylbenzene was 
chloromethylated (with concentrated hydrochloric acid and 
formalin), to be 12, 3.2 and 8k% respectively, as expected 
for an electrophilic substitution reaction.
The actual electrophilic reagent is presumably 
+CH Cl produced by
ClCHgQCH^ + ZnCl2 — > C1CH* + [CH^OZnCl^~
In the present work, polystyrene I was chloromethylated 
by means of chloromethyl methyl ether and zinc chloride at a 
temperature not higher than 15° (finally 18°), Two 
preparations, chloromethylated polystyrene I and II, were 
made; their chlorine-contents were respectively 23*3 and 
23,9%; complete monochloromethylation of phenyl groups 
requires 23,23%. By extrapolation of the logarithmic 
viscosity numbers determined for four solutions in toluene 
of each polymer, the limiting viscosity numbers or intrinsic 
viscosities of the two preparations were found to be ,
_ i
respectively, 0 , 252 and 0.2(t5 dl g.
From observations in the literature discussed above, it 
is concluded that the present chloromethylated polystyrene
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is almost completely Kionochloronethylat ed and contains a 
high proportion of p- chloromethyl groups together with 
smaller amounts of o — and m — isomers. This is supported 
by Alger’s observation [19] that depolymerization of 
chloromethylated polystyrene by dry distillation yielded 
mainly p- chloromethylstyrene,
The ouaternization of the chloromethylated polystyrene 
Chloromethylated polystyrene was subjected to reaction 
with a tertiary amine - triethylamine - yielding a water- 
soluble polymeric quaternary ammonium chloride [13, l4] .
The reaction rate is of second order, independent of the 
degree of polymerization and increases with increasing 
dielectric constants of the solvents [14],
Aqueous solutions of the product prepared with 
trimethylamine have shown a behaviour typical of polyelectro­
lytes as their viscosity number increased with dilution [13]* 
Chloromethylated polystyrene I and II were quaternised 
by reaction with 100% excess of triethylamine in dioxan- 
methanol at 60° for two days. The poly(vinylbenzyltriethyl- 
anirnonium chloride) , isolated as described in the Experimental 
part, was a water-soluble hygroscopic powder. The two 
preparations, I and II, contained 13*75 and 13*20% of ionic 
chlorine, respectively, corresponding to yields in the 
quaternisation reaction of 97*^ and 92,1%. The method 
of calculation is as indicated in Appendix 2, page 19 2 #
+
Ch +
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Ion-exchange and the preparation 
of the polymeric quaternary 
ammonium hydroxide
The conversion of the polymeric quaternary ammonium 
chloride into the corresponding hydroxide was achieved by 
means of an ion-exchange resin, that is to say, a cross-linked 
polymer bearing strongly dissociated basic groups susceptible 
to replacement by other ions of the same charge type. There 
is a close analogy between a polyelectrolyte and an 
ion-exchange resin; however, it must be stressed that whilst 
in the first the molecules are free, in the second the 
molecules are constrained by the cross-linking between chains; 
this corresponds to solubility and insolubility of these 
species, respectively.
When the resin is put into an aqueous medium it swells 
without dissolving. We can consider that two regions are 
distinguishable. The one existing within the charged 
polymeric network is equivalent to a concentrated solution 
approximately 1 to 10 N [20] of the constrained poly-ions.
The second region, that is the remainder of the aqueous 
medium is accessible to the simple ions in the system, but 
not to the ionic groups fixed on the resin. Obviously, the 
simple ions are also able to enter the first region. The 
Donnan membrane theory [21] is then applicable to such a 
system as the two regions may be considered to be separated 
by a semipermeable membrane, since simple ions are able 
to pass through it while polymeric ions are unable to diffuse.
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Electr oneutrality considerations referring to both sides 
of the membrane imply that the first region will contain a 
high concentration of counter-ions to compensate the charges 
in the polymeric chains [21],
According to the meaning of semi-permeable membrane, 
it follows that if a simple electrolyte is present in the 
second region, the counter-ions can be interchanged by 
diffusion through the membrane. This possibility of 
diffusion is not confined to the counter-ions; co-ions or 
nebeuions, that is the ions whose charge is of the same sign 
as that borne by the polymeric chain groups, are able to do 
the same as long as they draw with them an equivalent of 
counter-ions to preserve electroneutrality.
Next we shall consider the ion-exchange mechanism.
Let us suppose that the anion-exchange resin (we will 
refer to the particular case of a cationic polymer as this 
was the one involved in the present investigation) is in its 
X form, or in other words the anions surrounding the polytaeric 
chains are symbolised by the letter X. If it happens that 
we make an intentional addition of a sufficiently large 
excess of electrolyte containing the anion Y in such a way 
that any X diffusing from the resin region is removed - by 
a continuous flow down the column for instance - then, 
generally speaking the resin will be converted completely to 
its Y-form, regardless of the relative affinities for the 
anions X and Y. Conversely, if the resin is originally in 
its Y-form, it will be convertible into its X-form by an 
analogous procedure.
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Tho word affinity was just used. Let us say something 
further about it.
As a rule an anion-exchange resin exhibits different 
affinities towards different counter-ions. A convenient
way of showing this is to refer to the selectivity coefficient 
Y
K,r for two univalent X and Y ions, defined as follows:A '
y T O  [X]
= [X] [Y]
where [ ] refers to the concentration of the counter-ions 
in the resin region and [ 3 to the concentration of the 
counter-ions in the external aqueous region.
In the present investigation poly(vinylbenzyltriethyl- 
ammonium chloride) was converted into its corresponding 
hydroxide by means of the anion-exchange resin Amberlite 
IRA - 401, The resin was originally in its chloride form; 
this necessitated its conversion into its hydroxide form, 
the process being a long one.
The reason lies in the disparity of affinities
0H~
towards chloride and hydroxyl ions: the value for ls
approximately 0,09 [22], On the other hand, the conversion 
of a chloride solution into a hydroxide solution by the use 
of the resin when in its hydroxide form is favoured.
Passage of an aqueous solution of the polymeric 
ammonium chloride through a column of the above ion—exchange 
resin in its hydroxide form yielded an 0.07 N— aqueous 
solution of poly(vinylbenzyltriethylammonium hydroxide), the 
chloride-ion content of which was very low.
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Reactions effected by poly(vinylbenzyltriethylammonium
hydroxide)
Reactions have been selected which have received the 
attention of earlier workers, other than for a polymeric 
reagent, and mechanisms, reasonably well established, are 
on record in the literature. These reactions are:
( 1) the decomposition of N-nitrosotriacetonaniine 
catalysed by hydroxyl ion,
(2) the Cannizzaro reaction,
(3) the alkaline hydrolysis of a series of potassium 
ethyl esters, such as potassium ethyl oxalate, and,
(4) the present investigation: The alkaline
hydrolysis of six straight-chain aliphatic esters.
In each instance the organic substrate was completely 
in homogeneous aqueous solution. The reactions cover a 
wide range of actual velocity, and in order to get 
measurable rates for the various reactions and techniques 
it has not been possible to use one set of conditions: it
was necessary to employ a range of temperatures and of 
alkali concentrations, but throughout, a rule has been 
adhered to that rates are measured with sodium hydroxide and 
poly(vinylbenzyltriethylammonium hydroxide) under the same 
conditions for any one reaction.
It is convenient to provide a measure of the effect of 
the polymeric reagent by a macromolecular rate-factor, p., 
which is the rate-constant in the presence of the polymeric 
agent divided by the rate-constant in the presence of the 
low molecular weight agent.
Decomposition of N-nitrosotriacetonamine
The rate of this reaction is strictly proportional to 
the concentration of hydroxyl ion, over a specified range; 
no alkali is consumed, and the rate is measured by the 
volume of nitrogen evolved. The two latter conditions 
imply that the reaction solution is not perturbed and so 
this reaction was selected as the first to be investigated.
The reaction scheme is as follows:
CO
/  \
H0 + H 2C CH2
M e 0C C M e 0
2 \  /  2 
N 
»
NO
slow and rate- 
determining
* H 2°
rapidly as are 
subsequent stages
   >
'2
-  / C \
: CH CH 2
Me„C c Me,
CH
CO 
/  \
Me2C
CHp
I 2 
C Me,
N
N
i1 *0
N
I
0 "
a diazotate anion
Then:
R - N= N - 0 + H 20
R - N = N - OH —
The diazonium ion decomposes:
R - N = N - OH + 
+
R - N = N + OH"
OH
HC
Me 2C
CO 
/  \
CHp
i 2 
CMe, 
1
Nt
N 2
HC
Me2c
CO 
/  \
CH2 I ^
CMe,
H 2°
Me0C = CH - CO - CH = CMe + H
2 ^
phorone
Me C = CH - CO - CH - CMe = CH0 + H phorone isomer
2 2
Me C = CH - CO - CH - C Mep . OH + H + semiphorone 2 2 z
Decomposition of N- nitrosotriacetonamine, 0.0160 M
At 25.0°:
COH ] 0.0050 0.0100 0.0200 N
V- l.?4 1.73 1.70
0H~ t° 25.0° 30.0° 35.0° 40.1°
0.010 N n 1.73 1.77 1.81 1.88
Salt effect; [0H~] 0.010 N, 25.0°
N
NaCl Nil 0.002 0.005 0.010 0.030 0.060 0.100 0.150 0.200
P 1.73 1.50 I . 2 9  1.14 I . 0 3 0.99 0.97 0.99 0.99
We see that the rate in poly(vinylbenzyltriethylammonium 
hydroxide) is increased 75% over that with sodium hydroxide 
and the concentration affects p little. With temperature 
it increases slightly.
When sodium chloride is added to the reaction solution, 
chloride ions start to congregate as counterions. Probably, 
the chloride ions aggregate preferentially to hydroxyl ions 
because, in the analogous situation with an ion-exchange 
resin, the selectivity coefficient shows chloride to be 
heavily preferred. (See above, in relation to the 
preparation of PVAH.) Hence the hydroxyl ions must become 
more uniformly distributed and the rate falls, actually to 
just below that for sodium hydroxide. It is inferred that 
N-nitrosotriacetonamine associates with the polycation by 
reason of the carbonyl and nitroso dipoles of this substrate.
Cannizzaro reaction of glyoxal
In 1955 Morawetz and ¥esthead [68] pointed out the 
possibility that a reaction of second order in hydrogen ion 
might be greatly accelerated by the counterion layer of a 
polymeric strong acid, and they instanced the benzidine 
rearrangement [69]. It was shown experimentally that such 
an acceleration occurs when polystyrenesulphonic acid as 
compared with hydrogen chloride is used.
On the alkaline side one of the few reactions of 
second order in hydroxyl ion is the Cannizzaro reaction 
of glyoxal.
The reaction scheme is as follows:
OH
I
CHO __________________   ^H - C - OH
CHO hydrates in aqueous H0 - C - H
solution to I
glyoxal OH
(I)
OH 0“
I I
H - C - O H  H - C - O H
I + OH" , I + H O
HO - C - H ~ HO - C - H
1 — * i
OH OH
(II)
H - C - O H
i
HO- C - H
0
I
OH
(IV)
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0*■1 _ rate-det ermining H
H - C - 0“ C - O"
\  I  ^    -) \ + OH'
HO — C - H and irreversible CH ♦OH
> 2
OH
glycolate
anion
Cannizzaro reaction of glyoxal, 0.0015 M, with 0H~ 0.030N
t° 20.5° 25.0° 29*8°
p 24.8 26.7 29.1
Salt effect, 25.0°
Nil 0.0006 0.0015 0.003 0.009
NaCl 26.7 20.0 11.4 5.8 1.4
NagSO^ 26.7 14.9 6.4 1.9 0.5
Measurement of rates with sodium hydroxide 
and poly(vinylbenzyltriethylammonium hydroxide) shows 
that there is a large increase, e.g. 27 fold, when the 
latter is used. With temperature p increases somewhat.
That the effect is primarily due to the counterion 
layer is seen from the effect of addition of sodium chloride 
and sodium sulphate: p falls rapidly as the counterion
layer becomes constituted largely of chloride or sulphate 
ions. Sodium sulphate at low concentrations is more 
effective than sodium chloride; Wall C 70] has deduced 
theoretically that counterions of higher charge will be 
associated with the polyion to a larger extent than are the 
counterions of a lower charge, for the same equivalent 
concentration.
For the two reactions above rates were also measured 
with benzyltriethylammonium hydroxide. The rate—constants
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were nearly the same as with sodium hydroxide, whence the 
quaternary ammonium structure as such does not materially 
contribute to ]i.
Hydrolysis of ester-anions
The rates for the alkaline hydrolysis of the ester-anions 
of potassium ethyl oxalate, malonate, succinate, 
glutarate and adipate show substantial increases in rate, 
p. ranging from 2.0 to 6 .6 . The mechanism is assumed to 
be the which is described in connection with the
present results.
Hydrolysis of ester-anions at 23.0°
Potassium ethyl
oxalate malonate succinate glutarate adipate
p 2.03 3.31 5.02 3.37 3.39
5.99 at 20.0°
6.59 at 15.0°
Here we have a unit negative pole on the substrate 
and both it and the hydroxyl ions are attracted to the 
polycation. The hydrolysable carboethoxy groups are thus 
forced into proximity with the hydroxyl ions and an 
increased rate results.
In this reaction p increases with fall in 
temperature.
In comparison with the N-nitrosotriacetonamine 
Reaction the increase in p is attributed to the greater 
effectiveness of polar, in comparison with dipolar, 
association.
Alkaline hydrolysis of neutral 
aliphatic esters
It was considered necessary to measure rates of 
hydrolysis of a series of neutral aliphatic esters and 
hence to determine values of p in order to provide a basis 
for comparison with the values obtained for the hydrolysis 
of ester-anions, described above. From the results 
obtained with the neutral, though polar, substrate,
N- nitrosotriacetonamine, values of p greatly in excess of 
unity were not expected. However, it appeared necessary 
to determine values of p for hydrolyses in which alkali 
was consumed with neutral and not highly polar substrates 
for the purpose of comparison as just mentioned.
Sakurada and his coworkers [71] have studied the 
hydrolysis of some aliphatic esters in aqueous solution 
with polymeric sulphonic acids. When a relatively large 
alkyl group is present, for instance in butyl acetate 
compared with methyl acetate, values of p from 1.92 to 10.22 
were observed. The former value of p is that for the 
completely sulphonated polystyrene (prepared by polymerizing 
the monomer) and the latter for a 23% sulphonated 
polystyrene. These findings were attributed to the 
hydrophobic interaction between rings on the polymer and 
the alkyl groups of the ester which results in a higher 
concentration of ester in the neighbourhood of the polymer 
molecule, where the hydrogen ions, the effective hydrolytic 
agents, are markedly concentrated. When no increased 
concentration of ester around the polymer occurs there
-lAl-
appears to be no difference in the rate of hydrolysis of 
the ester by the macromolecular and hydrochloric acids. 
These results having been considered, the present 
investigation has been designed to cover a series of 
straight-chain aliphatic esters involving the two-, three 
and four- carbon atom alkyl and acyl groups.
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The rates of hydrolysis of the six straight chain esters, 
ethyl acetate, ethyl propionate, propyl acetate, butyl acetate, 
ethyl butyrate, propyl propionate, at 0° (in ice) in 0,020 N 
aqueous sodium hydroxide and in 0,020 N aqueous 
poly(vinylbenzyltriethylammoniuo hydroxide) were measured.
It was ascertained by preliminary experiments that the 
solubility of each ester exceeded 0,015 moles/litre in water 
at 0°; the concentration of ester in the kinetic runs was 
0,010 moles/litre.
The above concentrations were found, also from preliminary 
experiments, to give rates at 0° which were conveniently 
measurable, and practicable end-points in the titrations.
In the kinetic run, a suitable solution was established 
at 0° by adding an aqueous solution of the alkali to the 
ester solution. Portions were then withdrawn at intervals 
and added to hydrochloric acid, the excess of which was then 
titrated against sodium hydroxide with phenolphthaleizi as 
indicator•
For each set of conditions, not less than three runs 
were made. Ethyl acetate, ethyl propionate and propyl 
acetate were hydrolysed by batch No. I of poly(vinylb enzyl- 
triethylammonium hydroxide) while butyl acetate, ethyl 
butyrate and propyl propionate were hydrolysed by batch No, II,
-143-
The results for the present series of estersJ 
ethyl acetate, propyl acetate, butyl acetate, ethyl 
propionate, propyl propionate and ethyl butyrate, are 
given in detail in the experimental part and are summarised 
in Table 7 •
TABLE 7.
Hydrolyses of esters at 0,0°
Substrate Initial
concn.of
substrate
Initial
concn.of
alkali
NaOH
102k(b)
(Ix mole-1
PVAH(a)
io 2 k
L -1 x sec.
V- ,
Ethyl
acetate 0,01 N 0.02 N 2.04 1.76 0.86
Propyl
acetate 0.01 N 0.02 N 1.72 1.55 0.90
Butyl
acetate 0.01 N 0.02 N 1.56 1.64 1.05
i
Ethyl
propionate 0.01 N 0.02 N 1.91 1.39
\
0.73 ;j
Propyl
propionate 0.01 N 0.02 N 1.56 1.52
i
0.97 I1
Ethyl
butyrate 0.01 H 0.02 N 1.10 1.04 0.95
(a) P o l y (vinylbenzyltri ethylammonium hydroxide)
(b) Throughout k is the mean of three or more 
determinations
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The rates of* hydrolysis with poly(vinylbenzyltriethyl— 
ammonium hydroxide) do not differ markedly from those with 
sodium hydroxide, and correspondingly the values of p range 
from 0,73 to 1,05. Values of p which are less than one 
indicate that the substrate has been excluded from the 
region of the counterion layer, A possible explanation 
may be found in the "salting out11 effect by the polyelectro— 
lyte. The phenomenon is well known with simple electrolytesj 
for instance, sufficient potassium carbonate will cause 
ethanol to separate from a solution in water, and 0,1 N 
potassium chloride in water raises the critical solution 
temperature of the phenol-water system by 8° [96], It is 
thought that the esters, although present in concentrations 
well below their solubilities, may to some extent be 
excluded from the region of the polyion and its counterions 
by a salting out effect.
In opposition to this effect there appears, however, 
to be a tendency to hydrophobic association of the alcoholic 
alkyl group of the ester with the hydrocarbon structure of 
the polycation. This brings the substrate into the region 
of the counterion layer and an increased rate of hydrolysis 
results. A combination of these two effects provides a 
tenable explanation of the observed values of p. As, under 
the conditions of reaction investigated, the values of p 
nowhere depart far from unity, th# two effects above are 
thought to be relatively minor influences upon the course 
of the reaction. The values of p obtained in the present 
investigation are less than those found for the other
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el ec trie ally-neutral substrate, N-nitrosotriacetonamine; 
the principal difference resides in the presence of two 
dipoles, carbonyl and nitroso, in the N- nitrosotriacetonamine 
molecule and a single polar centre, the ester grouping, in 
the present substrates. It appears that the more polar 
character of the N-nitrosotriacetonamine is the cause of a 
greater concentration of the substrate in the counterion 
layer in that case, leading to values of p in the 
neighbourhood of 1,75*
When compared with the values of p found for the 
hydrolysis of ester-anions, and noting that these increase 
with decreasing temperature, the present results confirm 
the conclusion that the relatively high values of p 
obtained for the ester-anions are attributable to the 
attraction into the counterion region of the substrates by 
reason of their possession of a unit negative charge.
With regard to the hydrophobic association between 
the alkyl groups of the ester and the hydrocarbon part of 
the macromolecule, the relevant data for comparison between 
the work of Sakurada and his coworkers and the present work 
is, with regard to butyl acetate, that for the former the 
value of p is 1,92 at a temperature of 40°, and for the 
present work p is 1.05 at 0°, The difference in the values 
of p for the two fully substituted (or approximately fully 
substituted) polystyrenes is not large, but one may present 
for consideration two differences between the alkaline and 
the acid hydrolysis. The first is as follows; the 
sulphonic acid group comprises a solvated hydrogen ion 
probably held in close proximity to the S0~ group, the 
charge of which is distributed in a resonance manner between 
the three oxygen atoms; this is contrasted with the 
solvated hydroxyl ion in proximity to the ammonium ion in 
which the nitrogen atom, the centre of positive charge, is 
surrounded by four alkyl groups; clearly the hydrogen ion 
in the first case is localized to an extent greatly 
exceeding that of the hydroxyl ion in the second case. Any 
factor, such as hydrophobic association, tending to bring 
the substrate into close association with the macromolecule, 
would thus be expected to have a greater effect with 
polystyrenesulphonic acid than with PVAH,
Secondly, one can consider the absolute rates of the 
two reactions involved: for the polystyrenesulphonic acid
hydrolysis at 40° the rate is 4.42 x 10“ 2 litre x mole-1 x
*•1 omin. for butyl acetate whereas for this ester at 0 the rat
— 2 — 1 — 1 is 1.64 x 10 litre x mole x sec. The latter is 22 time
faster than the former. It seems possible that the much
slower reaction with the polymeric acid is more susceptible
to small factors facilitating reaction than is the much
faster alkaline hydrolysis.
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Xn considering the mechanism of the present hydrolyses, 
it is to be noted that tiie runs follow second order kinetics 
closely; there is therefore no reason to suppose that the 
mechanism is other than the B^->2 mechanism which has been 
established C7&3 as the normal mechanism for the alkaline 
hydrolysis of simple aliphatic esters.
4<> :0~
-  Mi \|
HO :^*C-0 Bt 211 HO - C - 0 Bt -4
I ^
R 
(A)
facile
+ f 0 Et ----- ) CO " + HO Et
I ^
R
By reversible association of an hydroxyl ion with the 
ester molecule, an equilibrium concentration of the 
intermediate A is set up, the concentration depending on 
that of the hydroxyl ion and that of the ester. The 
intermediate then breaks down to yield acid and alcoholic 
anion which by a facile proton-transfer yield alcohol and 
carboxylate anion. It is noteworthy that this mechanism 
implies that the alkyl—oxygen bond is not broken; this is 
substantiated by the complete retention of optical 
configuration of an asymmetric atom at R* when the 
corresponding ester of an optically active alconol is 
subjected to alkaline hydrolysis by this mechanism.
0
I
HO - C 
I
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A quantitative treatment of polyelectrolyte effects.
In the discussion above of the present and earlier, 
work with FVAH, the various effects concerning polyelectro­
lytes have been treated descriptively. It is however 
possible to give & formal, though limited, quantitative 
account of these effects.
As the elementary reactions in any of our cases
(monomeric or polymeric hydroxide) are of the second order 
they may be generically represented by
A + B — *- products 
for which the rate equation has the form
- f v 1- = k CA] CB]
where A stands for the reactant, B for the counterion and
- 1
[ D represents the concentrations in mole 1.
In order to simplify the question an hypothetical 
division of the reaction medium (V litres say) will be 
made so that one half of it will contain the polyion domains 
and the other half the remainder of the solution.
Three different situations will be mentioned, the 
first one dealing with the use of a monomeric alkali whilst 
the second and third cases will refer to the use of a 
polyelectrolyte.
Situation 1. Use of monomeric alkali
This is the simple case in which even distribution 
of reactants exists throughout the solution.
Situation 2. Use of a polymeric hydroxide in a 
situation in which only B is affected by the polyion, A 
remaining insensitive to its presence and so being evenly 
distributed.
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oituation 3. Use of a polymeric hydroxide in a 
situation where both A and B are susceptible to influence 
exerted by the polyion.
All tnis may be conveniently summarized as follows: 
Concentrations
Situation Half-volume I Half—volume II
of the solution of the solution
1 CA] [B] [A] [B]
2 [A] [B + q] [A] [B - q]
3 [A + p] [B + q] [A - p] [B - q]
Obviously an increase of concentration of B or both 
A and B in the first half of the solution will be concomitant 
with a corresponding decrease in the second half.
Now where dA is the decrement in moles of A in the 
interval of time dt, for the whole solution:
dA V / dJ ^ _ I  d-l'A-III )
dt ~ 2 dt + dt
1/e can then set up rate-equations as follows:
Situation 1, , f  =: ;  (-ir[ A] [B] - k[A][B])1, 1 dt 2
= - kV [A] [B]
r3 A V
Situation 2^  ^ ^  = — ( -k[A] [B + q] - k[A][B - q])
= -kV [A] [B]
Situation 3  ^  ^ ^  \  (-k[A + p][B + q] - k[A - p ][B - q ])
= -kV ([A][B] + [p] [q])
We see, on this treatment, that non-uniformity of the 
counterion only does not lead to an altered rate, but that 
if both counterion and substrate migrate into the domain of
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the polyion, an acceleration — the Cp3 CqD increment — occurs* 
If the substrate A were excluded so that p is negative, 
then a decrement in rate occurs,
We can extend this treatment to reactions second-order 
in counterion: here
= - k [A] [B]2
Taking the distribution or Situations 1, 2 and 3 as before,
and effecting the necessary algebra, we have:
Situation 1  ^ ^ = - k¥[A] [B]2
Situation 2 ^  = - kV[A] ( [B] 2 + [q]2)
Situation 3 1j2 ^  = -kV |[A]([B]2 + [q]2) + 2[B][p][q]|
Here in Situation 2. 0 we get an increment in rate even withx f cL
A remaining uniformly distributed; this is the second-order
effect. In Situation a. further increment occurs as A
also migrates into the polyion domain.
In considering the present group of investigations,
with sodium hydroxide naturally p and q are zero; wherever
PVAH is used, q is substantial and positive, corresponding to
the existence of the counterion layer.
The present hydrolysis of* esters corresponds to
situation 3 , but is a little more complex. For butyl
1,1
acetate, hydrophobic interaction slightly preponderates 
over the salting-out effect, p is positive and slightly 
greater than one; for the other five esters salting-out 
preponderates over hydrophobic association, p is negative 
and ]x is less than unity.
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The decomposition of IT-ni tro so triac e tonamine and the 
hydrolysis of ester-anions are both classed under Situation 
3^ For the first reaction p is appreciable, and positive,
by reason of the dipolar interactions; for the second p is 
still larger owing to association due to the unit negative 
charge on the substrate.
The large values of in the Cannizzaro reaction 
correspond to Situation 3- 0, isi which the second-order
X f idt
effect is present and also migration into the counterion 
layer of the singly-charged reaction intermediate. With the 
reversal of charge-signs throughout, the same situation is 
present in the benzidine rearrangement effected with 
poly(styrenesulphonic acid).
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Reactions of Chloromethylated Polystyrene ;
Introductory
In continuance of the study of the reactivity of 
groups attached to Dacrotaolecules it was decided to 
investigate some further reactions of chloromethylated 
polystyrene. There has been considerable activity in 
this field, as the chloromethyl group provides a fairly 
readily accessible, and reactive, primary alkyl halide 
group attached to a polymer, A concise account of the 
literature is n o w  given.
There has already been described, in connection 
with PVAH, the chloromethylation of polystyrene by reaction 
with chloromethyl methyl ether and zinc chloride, and 
quaternization of this polymer with triethylamine to yield 
poly(vinylbenzyltriethylammoniuiri chloride) . As has been 
stated, the methods employed are those which have been 
developed in these laboratories, based on the work of 
G.D. Jones in 1932 [131*
It is convenient to mention here that the monomeric 
^-chloromethylstyrene has been prepared by Arcus and 
Salomons [98]; p-tolunitrile was chlorinated to yield 
k -Cyanobenzyl chloride; this compound was converted by the 
Stephen reaction into p-chloromethylbenzaldehyde; reaction 
of the latter with methylrnagnesium bromide gave 
^fc-chloromethyl—a—methylbenzyl alcohol. Dehydration of this 
by heating with potassium hydrogen sulphate gave 
4—chloromethylstyrene• The polymer of this monomer and
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”100% ” chloromethylated polystyrene are closely similar in 
properties. It is also noteworthy that depolymerization 
of the latter gives as principal product 4-chlororaethyl- 
styrene•
The formation of thiouronium salts by reaction of 
alkyl halides with thiourea and their decomposition in 
alkali into thiols and dicyandiamide, is well established. 
The reaction probably proceeds by an S^2 mechanism with the 
sulphur atom of the thiourea acting as a nucleophilic agent. 
This reaction has been applied, as follows, to polymers 
bearing chloromethyl groups. Parrish in 1956 [993 
chloromethylated a cross-linked divinylbenzene-styrene 
copolymer and converted the product into a resin which 
contained 25% S and bound mercury from a solution of 
mercuric nitrate.
Okawara, Nakagawa and Imoto [100] in 1957 allowed a 
chloromethylated polystyrene to react with thiourea and, 
after alkaline decomposition, obtained a product containing 
7.1% of thiol groups. It is noteworthy that the 
mercaptomethylstyrene unit contains 22.0% of thiol,
Cerny and Wichterle [5^3 in 1958 converted cross- 
linked chloromethylated polystyrene containing 14.7% of 
chlorine (i.e. well below 100% chloromethylation) into a 
polythiouronium anion-exchange resin.
Arcus and Salomons [563 in 1963 allowed a solution 
of poly(4-chloromethylstyrene) in benzene to react with 
thiourea in ethanol. Treatment of the product with 
concentrated sodium hydroxide, followed by acidification,
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gave poly(4-mercaptomethylstyrene), Conversion of 
chloromethyl into the thiol group was substantially complete, 
both with this polymer prepared from the monomer and with 
fully chloromethylated polystyrene. This polythiol underwent 
reaction substantially to completion in each instance with 
three thiol reagents; mercuric cyanide gave the mercury 
mercaptide; iodoacetamide, a protein reagent, gave the 
carbamoylmethyl polymer and acrylonitrile gave the 
2-cyanoethyl polymer.
More recently T. Ayres and C.K. Mann [593 have 
reported that poly(chloromethylstyrene) swells in dimethyl 
sulphoxide and that upon reaction with potassium cyanide it 
yields the corresponding cyanornethyl-polymer. This 
reaction has been investigated in the present work. Further 
work on the reaction of poly(chloromethylstyrene) with 
aliphatic tortiary amines has been carried out by W.G. Lloyd 
and T,E. Durocher [603. These authors also carried out 
reactions of poly(chloromethylstyrene) with pyridines and 
sulphur compounds; they emphasized the importance of a 
suitable reaction medium in facilitating replacement 
reactions with high polymers.
The use of dipolar aprotic solvents in replacement
reactions has come to the fore in recent years. Most
anions in these dipolar aprotic solvents are much less
solvated than they are in protic solvents; they are therefore
more available for reaction, and replacement reactions tend
to be much faster with anions in dipolar aprotic solvents
than in protic solvents. It is found that the rates of S^2
3reactions with anionic nucleophiles are increased by 10 to 
107 when protic solvents are replaced by dipolar aprotic
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solvents. In contrast, rates of reactions with.
neutral nucleophiles such as pyridine or dimethyl sulphide
are little influenced.
As it was decided to undertake the investigation 
of replacement reactions with two anions, cyanide and the 
acetylacetone anion, the use of dipolar aprotic solvents, 
where practicable, was clearly of interest.
The Present Investigation
The Grignard Reaction with Chloromethylated Polystyrene
To gain experience, benzylmagnesium chloride was 
prepared and allowed to react with acetone, when
2-methyl-l-phenylpropan-2-ol was obtained. The practicability 
of a reaction with a macroraolecular compound often depends on 
finding a solvent for the latter; chloromethylated 
polystyrene is insoluble in ether but soluble in 
tetrahydrofuran, and, using this as solvent for the polymer, 
three attempts were made to prepare a polymeric Grignard 
reagent. In the first the procedure resembled that for 
benzyl chloride; in the second bromoethane was employed as 
a "starter” for the Grignard reaction. Neither proved
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satisfactory, In the third attempt, benzyl chloride was 
used as a "starter", it was added as co-solute with 
chloromethylated polystyrene. Reaction occurred but the 
gelatinous product could not be separated from unreacted 
magnesium. No further attempts were made.
Substitution React! ons with Chloromethylated Polystyrene
Entry of Cyano Group, and its Attempted Reduction
It was found that the aprotic solvent dimethyl 
sulfoxide is a solvent for chloromethylated polystyrene, and 
this fact was used to attempt a replacement reaction, probably 
essentially by the S^2 mechanism [35,563,'of chlorine by cyanide, 
by reaction with potassium cyanide at 35°. The reacted 
polymer isolated by precipitation on addition to methanol, 
contained 8,70% of N, whence substantial reaction has 
occurred (** 90% conversion), A second preparation of 
poly(cyanomethylstyrene) was carried out; three successive 
stages of reaction took place whose temperature and time 
were 25, 35 and 45° and l6 , 8 and l6 hours, respectively.
The final cyano-polyxner contained 7*4-2% N (*v 77% conversion) , 
The explanation of the calculations of the % conversions is 
given in Appendix 5, page 205•
To gain experience benzonitrile and phenylacetonitrile 
were reduced by lithium aluminium hydride to the corresponding 
amines, of which solid derivatives were prepared, A 
similar reduction of the second preparation of cyanomethyl 
polystyrene gave an intractable product. Some primary 
amino groups were present, since it gave nitrogen on 
treatment with nitrous acid, but large amounts of aluminium
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were present, and this could not be removed. In this 
connexion it was found, somewhat surprisingly, that freshly- 
precipitated and dried alumina is soluble in cold aniline.
Owing to difficulties no further attempts were made. 
Interaction of Chloromethylated Polystyrene with 
Sodio Acetylacetone
Chloromethylated polystyrene was further found to be 
soluble in the aprotic solvent dimethylformaraide. This fact 
was used in an attempt to react the polymer with the anion of 
acetylacetone. Following on a trial preparation of 
benzylacetylacetone by reaction of benzyl chloride and 
sodioacetylacetone in dimethylforraamide, the chloromethylated 
polystyrene was allowed to react similarly.
The benzylacetylacetone yielded a copper derivative, 
recrystallized from benzene, the copper content of which,
13.7%, is in adequate agreement with the theoretical, 14.3%.
On the other hand,the reacted polymer above gave a derivative 
containing only 3 ,3% of copper, against the theoretical value 
of 12,9% for complete reaction both in replacement of chlorine 
by the acetylacetone residue, and also for reaction of the 
latter. The low percentage reaction, 26%, was considered 
unpromising•
Whilst attention was being given to the use of 
acetylacetone in polymer reactions, it was decided to react 
it with poly(epichlorhydrin), of which two specimens 
m.w.s 1,000 and 2,000, were available from Shell Chemicals Ltd, 
However, neither gave a convincing acetylacetone derivative.
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Attempts to Prepare Methacryloyl Acetylacetone 
( 4-Acetyl-2-inethylhox- l-en-3, 5-dione) .
By the reaction of acetyl chloride with sodioac etylacetone , 
following a procedure in the literature [793
triacetylmethane was prepared. It was considered that if
methacryloyl chloride, CH = C Me C0C1, could be caused to
react in place of acetyl chloride, then a monomer would be
obtained which could be polymerized to a polymer bearing
acetylacetone side-groups. Accordingly, methacryloyl
chloride was prepared by the known transfer-reacticn between
methacrylic acid and benzenesulphonyl chloride in the
presence of pyridine [93 3. Methacryloyl chloride was
allowed to react with sodioacetylacetone in five experiments
under successively modified procedures. Certain fractions
were isolated from the products which polymerized on being
!
heated with a,a -azoisobutyronitrile as initiator.
Infra-red and n.m.r. spectra of certain fractions from 
the methacryloyl chloride-sodio acetylacetone reaction were 
determined; it was not possible to assign definite structures 
to these materials, but methacryloylacetylacetone was 
deemed to be absent. We thank Mr. R. Allgrove for this 
interpretation,
Acetylacetone-Formald.eh.yde Condensation
As the attempts to incorporate acetylacetone groups in 
polymers by replacement and by preparation of* a suitable 
monomer had not succeeded, it was decided to investigate 
the incorporation of acetylacetone residues into a polymeric 
network by reaction with formaldehyde.
Attempts, following [9^3, to prepare crystalline
methylenebisacetylacetone, CH .CO,CH.CO.CH
3 ! 3 
ch9 
I ^
CH^.CO.CK.CG.CH^ 
by reaction of acetylacetone with paraformaldehyde and with 
aqueous formaldehyde, using diethylamine as basic catalyst, 
gave only oils* Fina.lly, a reaction mixture of acetylacetone, 
aqueous formaldehyde, and diethylamine was heated at 225° 
for two hours. A hard, brownish-red resin was obtained.
Its (partial) solubility properties are detailed in the 
experimental part. A column of the powder of resin had 
little, if any, capacity to retain copper from an ammoniacal 
cupric solution.
Comparison of Pyridine and Poly(4-vinylpyridine)
in Certain Reactions.
Three reactions, for which detailed procedures are 
given in Organic Syntheses [90 3 1 were selected for comparison 
between pyridine and poly(4-vinylpyridine) as reagents.
They were:
( 1) Condensation of furfuraldehyde with malonic acid 
to give furylacrylic acid.
(2) Reaction of a-foromonaphthalene with cuprous cyanide 
to yield oc-naphthonitrile.
-i6o-
(3) Interaction between tetrahydrofurfuryl alcohol
and phosphorous bromide to give the corresponding 
bromide,
Equimolar amounts of pyridine and poly(4-vinylpyridine) 
were used, and as far as possible conditions were kept the 
same for the two types of base. Practical difficulties with 
stirring were encountered, due to pyridine being a liquid and 
poly((fc-vinylpyridine) a powder of relatively large bulk per 
equivalent and limited solubility characteristics. Partly as 
a consequence of this, the scale of the polymer experiments 
was much less than that of the pyridine experiments, and for 
the first two reactions the time was reduced for the polymer 
experiments. The yield for furylacrylic acid was much less 
with poly(4-vinylpyridine) than with pyridine, and the yields 
for a-naphthonitrile and tetrahydrofurfuryl bromide with the 
polymer were definitely lower than those with pyridine.
There was thus no indication of an experimental advantage in 
using the polymeric base in these three reactions, but rather 
the reverse.
-l6 1-
Copolymers vinylpyridine-styrene 
Copolymerization
The ideas already elaborated when dealing with styrene 
polymerization can be extended to the case where two or 
more monomers are present in the reaction mixture, and so 
covering the case corresponding to the preparation of the 
vinylpyridine-styrene copolymers.
In the presence of a free-radical initiator, each monomer 
will give rise to its own particular type of radical. Each 
radical will react, in general! with any of the other 
monomers to produce a second radical which may or may not 
be similar in chemical structure to the original. If, for 
example, we consider two monomers A and B about to react 
with the corresponding radicals A^* and then there are
clearly four possible reactions:
A , * + A --  ^A0 •1 ' 2
A • + B -- 7 A^B . •1 1 1
B ^ • + B — B g •
B 1- + A --» 3 iA i*
Each of the radicals formed in the second step may react in 
the same number of ways as there are monomer types, and since 
this choice is present at all the propagation steps, there 
results a complete spectrum of structures for the polymeric 
radicals; it is, however, highly unlikely that a significant 
number of radicals of the type A ^ • or • are produced if 
i is large, for the chance of a given radical A^ • or B 1* 
reacting with the same monomer type at each of (i— 1)
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propagation steps is negligibly small. The growth process 
is terminated when two polymeric radicals react together — 
the diversity of radical structures leading to a corresponding 
variety of polymer molecules differing from one another in 
the arrangement of the two monomers in the chains.
To fully characterize the process of copolymerization, 
we have to consider therefore:
(1) the proportion of each monomer type incorporated 
into the polymer chains,
(2) the average sequence length of each monomer 
type over all chains,
(3) the rates at which the various monomers disappear 
from the reaction system and the molecular weight 
of the copolymer produced.
The problems in (3) bear close similarities to those 
already discufiscd about styrene when we dealt with 
polymerization kinetics and molecular weight. On the other 
hand, problems (1) and (2) involve principles peculiar to 
copolymerization. Only the case involving two monomers 
will be referred to.
The proportion of each monomer type present
in the polymer chains
The basic principle by which we proceed is to regard 
the reactivity of a radical as being determined solely by 
the chemical nature of the terminal group containing the 
unpaired electron. By this, we mean that the rate constants 
for a given reaction for the two radicals
-163-
A B A A A B A .
B B A B B A A .
are identical despite the differences in the structure of 
the chains. With this simplification, propagation in 
copolymerization reduces to four simultaneous reactions.
( l) A* + A —^ A • rate constant k „^
11
(2) A. + B B. ,! " k 1
(3) B • + B -—£• B* n k<L <L
(4) B* + A — > A* n " k
u 1
A* represents a molecule ending in the free-radical
grouping derived from monomer A, its concentration [A*l,
including molecules of all lengths and structures, k n
the rate constant for its reaction with a monomer of similar
type (radical type 1 with monomer type l) to produce a
similar radical and, if our basic argument is correct, is
identical with the propagation rate constant k^ appropriate
to the polymerization of the single monomer A* on the
other hand, is the rate constant for the reaction between
radical type 1 A» and the second monomer B to produce a
radical of different type B«„ The ratio r. defined by
k H
r, = (1)
12
termed the reactivity ratio thus measures the relative 
affinities of different monomers for the same radical. For 
if we were to introduce the two monomers A and B at the sacae 
concentration into a system containing a certain number of 
radicals of type A * , the instantaneous rates of disappearance 
of the two monomers (before any radicals of the second type
-l6*t-
had appeared) would be
= k.„ [ A • ] [A]
reaction 1
I d[B] , _ _ _ _
~ I dt ’ 12
I reaction 2
which on division gives
d[A] _ k ll
ITbT = k12 = ri
since we deliberately made [A] and [B] identical. Taking 
the styrene-2-vinylpyridine system as an example, r^ is 
found to be 0 .5^9 [-<£30; this means that polystyryl type 
radicals react with 2-vinylpyridine at nearly twice the 
rate at which they react with styrene if both monomers are 
present at the same concentration.
Precisely similar interpretations are to be given to 
the symbols B», [B.], k ^  and k ^  and to the symbol r^i
defined by
k 22
r2 = j“  (2)
2 21
For interest, r Q in the copolymerization system just 
mentioned is equal to 1.138; that is polyvinylpyridine 
type radicals react with styrene at 1:1.138=0.879 times the 
rate at which they react with vinylpyridine at the same 
concentration.
The problem of the copolymer composition can now be 
solved. We assume that the polymer molecular 
weights are sufficiently high that the number of monomer 
molecules which disappear in the initiation reactions is
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quit e negligible compared with the number which disappear
since two reactions are open to each of* the two monomers 
A and B, Hence the ratio of the amounts of the two 
monomers incorporated into the copolymer in an infinitesimal 
period of time is given by dividing equation (3) hy (4)
It only remains to evaluate the ratio
In a similar fashion to the case of a single polymerizing 
monomer, it would be expected that the two radical concentra­
tions [A*] and [B*] would establish themselves at such levels 
that their rates of loss would just balance their rates of 
production. By analogy with the simpler case, we would 
anticipate that the stationary radical concentrations would 
be attained almost immediately after the start of the 
copolymerization and so for our purpose we can write:
in the reactions 1-4, In this case we can write
HE A] 
dt [A*] [A] + kg^ [B*] [A] (3)
* d[B]
k 22 C B * ]  C B ]  +  k 12 C A , ]  C B ] (4)dt
d[ A]
d t t l
k^HA.] [A] + k 21 [B.] [A]
k 22[B.] [B] + k 12 [A.] [B]
(5)
d[A.] s
dt o
d[B • 3
s
dt o
where the subscript s denotes steady state conditions. Let
us consider radicals of the first type Ay , They are
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produced in the initiation process
X ) 2R* rate constant k^
R« + A - A  A. " " k
r
and the cross-propagation reaction
B* + A — ) A, rate constant k rt„
21
Simultaneously with these modes of* production, they are lost 
by bimolecular termination
A* + A» ---) polymer rate constant k , . .
t y AA
A • + B* ---  ^polymer ” " k ,
t j AB
and in the second of the cross-propagation reactions 
A* + B — ^ B* rate constant k ^
Therefore,
dCA*3
dt “ 2x _kiCl3 + k21 t0 O s [A] - kt tAA^ *A ’^s
“kt,AB^A *^s “ k 12^A ’^ s^B  ^ ~ ° ^
where x is the fraction of primary radicals R« which react 
with monomer A# Little progress can be made with this 
equation without some further simplification; it would be 
advantageous obviously, if some of the terms could be 
dropped - the only problems being which ones can be considered 
negligible in comparison with the others. In a case like 
this the replacement of symbols by numerical values is a 
great help; since the object is simply to ascertain which 
are the important terms, only orders of magnitude are 
required while for those quantities which are unknown, guesses 
based on previous experience are permissible.
-1$7-
Let us consider then that the values shown in the next 
table correspond to a "normal" case.
TABLE 8
Approximate magnitude of the various terms of Equation (6 ),
Rate process
Estimate 
to rate,
contribution  ^
mole 1 secT
Production of radicals by initiation 10“8
" " ” in cross-propagation icT6
Loss of radicals in termination A» + A •
00torH
n ff it n i» a  • + B • O
i 00
,f " ” in cross-propagation 1Q~6
These rough calculations suggest that the concentration of 
the particular radical type A* is determined primarily by 
the two cross-propagation reactions. Thus equation (6 ) 
reduces without serious error to 
d[A»]
-------  = k 21CB*]s CAI " k 12 CA-3s CB] (7)dt
= o
An identical equation for d [B»] /dt is obtained by neglect^ s
of the term for the rate of initiation 2(l-x)k^[l] and the
2
terms representing the rate of termination k^ gg CB*]g and 
kt,AB
From equation (?)» we obtain the ratio of the radical
concentrations [A •] and [B•] at any time after thes s
attainment of the steady state:
[A,]S _ k 21[A]
CB.]s " k 12[B]
- 163-
Subs ti tuting this result in equation (5) gives 
d[A] [A] f rTA]/[B] + 1
d[B] [B] [ CAl/[B] + r2
(8)
an equation which is often termed the "copolymer composition 
equation".
It is important to have clear ideas about the meaning of 
equation (8), It is a differential equation and so it 
gives the relative numbers of the two types of monomer
molecules which react to give copolymer at a particular
instant in time; it thus gives the composition of the 
copolymer formed at that particular instant. In general, 
the ratio of the two monomer types incorporated into the 
copolymer at any instant is not the same as the ratio of the 
two monomer concentrations in the reaction mixture, as can 
be seen from the equation. Usually more than one 
particular monomer copolymerizes at any instant. If, for 
example, we consider a reaction mixture consisting of 
equimolar concentrations of styrene (monomer A) and 
2-vinylpyridine (monomer B ) whose reactivity ratios at 60°C 
are 0 .5^9 and 1.138 respectively, the ratio of the two 
monomers incorporated into the copolymer at this particular 
instant is:
d[styrene]_______ __ _ 0.5^9 + 1 _ n 7?=;
d[2-vinylpyridineJ “ 1 + 1.13 8 ~ *
That is,rather more 2-vinylpyridine enters the copolymer 
than styrene,and hence the reaction mixture becomes enriched 
in styrene. This in turn means that the copolymer formed 
in the next instant of time has a slightly different composition
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due to the displacement of the ratio [styrene]/[2-vinylpyridine] 
from its original value of unity. In order to calculate the 
composition of the copolymer formed after appreciable 
consumption of the two monomers, equation (8) has to be
to quite involved expressions and so we shall confine our 
attention to some special cases ,
These special cases can be classified according to the
Such a situation arises when the two monomers do not 
themselves polymerize but which nevertheless copolymerize, 
Putting it another way, k^^ and are both zero, but the
and so equal numbers of the two monomers are incorporated
radical of type A* nor monomer B with radical B*, a 
perfectly alternating copolymer is produced
...........A B A B A B .........
(2) r^ finite, r^ = o
This situation arises when the monomer B does not add 
on to the radical B* but reacts with the radical derived from 
the other monomer A; on the other hand, the resulting 
radical B* can react with the monomer A • In such a case 
the copolymer composition equation becomes
integrated, A discussion of the procedure would lead us
numerical values of the two reactivity ratios, rj and r^. 
(1) = r 2 = °
cross-propagation constants and k ^  are both finite
though not necessarily equal. In this case
in the copolymer. Since monomer A does not react with a
d[A]
dTBT
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Thus, monomer A always disappears from the reaction system 
at a greater rate than monomer B whatever the value of the 
[A]/[B] ratio. If we take the special case of an 
equimolar mixture of the two monomers so that [A] = [B], 
the composition of the copolymer formed in the short period 
of time when this condition is satisfied is given by:
Thus, if r^ is considerable (10, for example) the copolymer 
formed contains long sequences of A units interspersed with 
occasional B units. At the other end of the scale where 
r^ is rather small (0 ,05, for example), the situation is 
very similar to that dealt with in case (1); i.e. an almost 
alternating copolymer is obtained,
(3) - l/r2 or r %r ^ = 1
This case is often referred to as T?ideal copolymerizationl' 
It is a very special case corresponding to the identity
This means that the relative probabilities of the two 
monomers reacting is just the same for one radical as for 
the other. It results in a considerable simplification of 
equation (8), We first multiply the top and bottom of 
this equation by r 1 to obtain
d[A]
d[BT
r 1CA]/[B] + 1 
r V M / C B ]  + r ,r
which when r .r 0 = 1, reduces to 
1 2 7
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(4) r ^ and any values
Hoping for simplification we shall restrict our 
treatment of this general case to the calculation of the 
proportion of the two monomers incorporated in a copolymer 
at low conversion from an equimolar feed. We write:
[A]o 1 * 1 )
[B]o 1 CA]o/[B]o + r2 J
and substitute [A] /[B] = 1. Theno o
conversion for 
equimolar feed
It is interesting to point out that when giving 
compositions of the copolymers formed initially for a 
variety of monomer pairs under these conditions no 
initiators are specified for, provided the free radical 
mechanism previously described is applicable, the 
composition is independent of the chemical structure of 
the initiator; the actual initiator used affects the 
rate but not the composition. On the other hand, it is 
necessary to specify the temperature at which the 
copolymerization is carried out for the simple reason that 
the reactivity ratios are temperature dependent.
low %
conversion
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D ehy dr ohalo,venation
Following on the trial of vinylpyridine polymers in 
the three reactions above, it was decided that a more 
promising application in chemical technique might be the 
use of these polymers as basic involatile reagents in the 
formation of olefins by dehydrohaiogenation of alkyl halides. 
When pyridine is used for this purpose, the maximum temperature 
which can be used, without recourse to pressure vessels, is 
about the boiling point of pyridine, 115? A much higher 
temperature can be used with vinylpyridine polymers without 
the difficulty of the base distilling with the olefin. It is 
desirable first to review the main characteristics of 
elimination reactions.
ELIMINATION REACTIONS
Definition
Elimination reactions are those reactions in which two 
atoms or groups are removed from a molecule without being 
replaced by other atoms or groups.
Types
a .........  When both atoms or groups are removed from
the same C atom,
p.......   . . When the atoms or groups withdrawn belong
to adjacent C atoms.
When no designation is given for an 
elimination reaction,it is meant to be 
of this type, as this is the most common.
Y ......   ’When the removal concerns atoms or groups
linked to two C atoms separated by 
another C atom.
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(3 eliminations of HY to form C = C
The general scheme is as follows:
t f I 1
Y - C - C - X  - (X+Y) v C = C
I i------- ------- i i
Several cases may be considered:
(1) dehydrohalogenation of alkyl halides
! I > !
H - C - C - X  + XOH  f C = C + KX + H o0
I t  i t  2
(2) dehydration of alcohols
I I K S04 | |
H - C - C - OH  -- * C = C + H O
i t  i i 2
(3) Hofmann degradation of quaternary ammonium 
hydroxides.
i I ^1 I tI < / oH~ * /
H - C - C - N —  R 0 = C + N- R
I | + \ ^ | I  \ z
R3 R 3
Mechanisms
The El (elimination unimolecular)mechanism is similar 
to the S^l mechanism, and involves as the first step the 
formation of a carfoonium ion. However, this, instead of 
combining with a nucleophilic reagent donates a proton to a 
base becoming an olefin.
E2 (elimination bisolecular) ..... A base attacks and 
removes the p - H atom while simultaneously a double bond is 
formed between C  ^ and C^, and the Y group is displaced.
The E2 mechanism
This is kinetically first order in RY and also in 
base which means that both reactants are involved during, or 
before, the rate-controlling step of the reaction.
-17^-
Several experimental data seem to corroborate that the 
removal of the (3-proton, the formation of the double bond 
and the displacement of Y all occur simultaneously:
I I ! ! I f
HO + H-C-C-Y —> H O . o H ,.CnC,»'Y^H 0 + C = C + Y
M  l |  I I
This reaction is stereospecific, that is to say, it 
occurs much more readily when a certain special spatial group 
arrangement is obeyed, namely when the H^atom removed is trans 
to the Y group.
Examples:
(1) The dehydrohalogenation of chLorofumaric acid,
H COOH
\ /
C = C , occurs approximately 50 times as fast as
/ \
HOOC Cl that corresponding to chloromaleic acid,
H Cl
\ /
C = C
t \
HOOC COOH
(2) The dehydrohalogenation of cis dihaloethylenes 
is easier than the one for trans compounds.
The El mechanism
By loss of Y the reactant yields a carbonium ion which 
may then donate a (3-proton to some base to give an olefin. 
Competitively with the last proton removal a nucleophilic 
attack on the carbonium ion may occur.
X H - C - C - X SN 1
H - C - C - Y  — > H - C - C +
-K+
I I
•» C a* C El
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H o w  may one distinguish between an El mechanism and 
an E2 attack by solvent which would be pseudo-unimolecular?
If RY is being solvolyzed following the El mechanism, 
the fraction giving elimination and that which gives 
substitution should be independent of the nature of Y, 
because these fractions are determined by reactions of the 
carbonium ion. However, a similar conclusion does not 
necessarily hold for an E2 mechanism as in this one (as well
as in S.t2) the whole molecule is concerned, and so when Y
JN
is changed the ratio of elimination to substitution will 
change too.
Orientation in elimination reactions
A certain starting material may be susceptible of 
giving two different olefins and then the question arises 
of how much of each one will be formed. The solution for 
this problem - a problem of orientation in elimination - will 
be found if the relative rates of the two reactions are known.
Let us consider an E2 mechanism. Its own nature 
suggests several factors affecting the reaction rate.
(1) Factors concerning the ease of removal of
the (3-H atom.
1.1. Its acidity.
1.2. Steric hindrance.
(2) Stability of the olefin being formed.
2.1. Resonance factors (conjugation and 
hyperconjugation)
2.2. Steric influences.
(3) Ease of removal of Y with its electron-pair.
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Xt is important to stress that although all these 
factors have influence, their relative importance varies 
with the structure of the reactant and the nature of the 
reaction.
Examples:
(l) Hofmann degradation of n-propylethyldimethyl-
arrjiiionium hydroxide 
CH_
i 3
CH_- CH - CH - N - CH - CH OH
✓  | ™  j dj | ilZi
H CH3 H
There are two possibilities: a proton may be removed 
from the ethyl or n-propyl group.
According to the fact that propylene is more stable 
(stabilization by hyperconjugation) than ethylene, the 
preferential formation of the first would be expected. 
Actually it happens that the main product is ethylene.
This has been explained by pointing out that the acidity of 
the p-H in the ethyl group is greater than that in the
n-propyl group because in the last one there is an electron-
feeding group, CK^-. So, it is admitted that, in this case,
acidity prevails over olefin stability.
This seems to be the general case for tetraalkyl- 
ammonium compounds, trialkylsulfonium salts and dialkyl 
sulfones, i.e., the H-atom tends to be removed preferentially 
from the (3-C which bears the largest number of H-atoms, 
provided all of the alkyl groups are equally substituted on 
the a-C atom - Hofmann’s rule.
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(2) Dehydrohalogenation of alkyl halides.
Here something different takes place which is 
summarized in the so-called Saytzeff rule - H is removed 
from the (3 — C atom which bears the largest number of alkyl 
groups (the least number of hydrogens).
A reason for this was suggested by Ingold and 
coworkers. According to them, as the halogen atom is not 
so powerful as the positively charged onium ion in 
increasing the acidity of the (3-Ii atom, acidity becomes a 
secondary factor, the paramount one being olefin stability.
Investigation of Deiiydrobromination
Two relatively large preparations of copolymers were 
made in which 2-vinylpyridine and styrene were allowed to 
react in ratios of 1,0 0 :0.80 and 1.00 :1.60, 1% of
a ,a*-azoisobutyronitrile being present as initiator. The 
copolymers after precipitation, washing and drying were 
subjected to analysis and determination of intrinsic 
viscosity in toluene. In order to obtain an approximate 
numerical value for the molecular weights, values of K and a, 
([>£ = KM a ), appropriate for polystyrene were applied.
Further, from the nitrogen-contents, the actual percentages by 
weight of 2-vinylpyridine units in the copolymers were 
calcul cz ted.
2- vinylpyridine-styrene copolymers.
Initial ratio 2-vinylpyridine Molecular
of units,
monomers. % content. weight
. o o o • CD o 65.8 12,300
1.00 : 1.60 46.8 24,800
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The percentage of vinylpyridine incorporated in the 
copolymer is greater than that in the initial monomer mixture, 
however, M1.00:0 ,80n and n1,00:1,60n have been retained as 
convenient labels.
Specimens of 1- and 2- bromooctane and 1- and 2- octene 
were dried and redistilled, and characterized by their boiling- 
points, refractive indexes and gas-liquid chromatograms.
After a number of exploratory experiments, the 
following procedure for dehydrohalogenation was evolved.
The halide, 1- bromooctane, and the copolymer were heated in 
a flask, by means of a silicone-bath, with mechanical stirring 
by a geared-down motor capable of stirring a viscous mass. 
Distillate was collected in a graduated receiver and a record 
of time, bath-temperature and volume of distillate was kept.
Up to 250°, achieved in 45 minutes the volume of 
distillate was small, but thereafter during 30 minutes at 
250-300° the greater part of the distillate was evolved. A 
further 105 minutes produced only a relatively small increment. 
The product, after one distillation gave octene in 66% yield. 
Comparison of the gas-liquid chromatogram of this material 
with those of authentic 1- and 2- octene and their mixtures 
led to the conclusion that the octene above consists of
1- octene containing less than 1% of 2- octene.
In all, six experiments were carried out, as described 
above and the results are presented in page 115t
Experimental part. It is seen that when " 1.00: 0 , 80,! copolymer 
and "1.0 0 :1.60" copolymer are used in quantities such that
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2- vinylpyridine units are present in molar ratio 1,36-1*38 
compared with 1- bromooctane as unity* the former is the more
efficient in dehydrobromination* the yield of octene being 66%
as against 48%, When the quantity of "1 *0 0 s1,60" copolymer 
was lowered to a molar ratio of 0,98 - 1,0 0 , the yield of 
octene fell to 42%, In each experiment a gas-liquid
chromatogram of the once-distilled product showed it to
consist of 1-octene with less than 1% of 2- octene. The 
temperature/time/volurae of distillate records of these six 
experiments were similar to the one recorded in detail.
We see that the product is, to a high degree, the
1- octene isomer only; the reagent richer in 2-vinylpyridine 
units is the more effective catalyst; in this latter copolymer 
approximately 2/3 of the units are 2-vinylpyridine.
The six experiments above are those carried out by the 
established procedure* with the two final preparations of
2-vinylpyridine-styrene copolymers. However* in order to 
establish the method, a number of exploratory dehydrohalo- 
genations were carried out.
It had at one time been thought that it would foe 
advantageous to give a prolonged heating at a relatively low 
temperature in order to form the pyridinium bromide 
completely* but the preliminary experiments showed that 
keeping at 150° for one hour was not beneficial to the yield.
Let us review the course of the elimination reaction 
investigated, Reaction of 1-bromooctane with the pyridino 
side-groups of the 2-vinylpyridine copolymer, to yield the 
octylpyridinium bromide, appears to proceed easily as the
temperature is raised. During the heating period at 250-300° 
the octylpyridinium bromide breaks down to yield, almost 
exclusively, 1- octene. Mechanistically it may do this 
by the El or by the E2 mechanism.
The El elimination s h o w  does not involve any 
special features. The extent to which 2- octene enters 
into the product depends on the extent to which the
1-carbonium ion isomerizes during its existence.
The E2 mechanism shown involves the basic function 
of a second pyridino side-group which may be a chain- 
neighbour, or a more distant side-group brought into 
proximity by coiling, or a group attached to a different 
molecule. Elimination by the E2 mechanism in this case 
gives a single product, 1- octene.
The specimens of 1- octene obtained in the present 
dehydrobrorninations contained less than 1% of 2- octene, 
and it is therefore concluded that, most probably, 
dehydrobromination proceeds by the E2 mechanism.
CH -CH -C^H
Br
c h 2-c h 2-c 6h 13
Br
El
\Jo)nr
CH2-CH2-C6H 13 CH2“CH2~C6H 13
HT + CH2=CH-C6H 13
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Polymerisations of Vinylpyridines
Before the two relatively large preparations of
2-vinylpyridine-styrene copolymers, above, a number of 
earlier polymerisations were carried out.
4-Vinylpyridine was polymerized with initiation by 
a ,a 1-azoisobutyronitrile, and the polymer precipitated by 
benzene from its solution in t-butanol, washed with benzene, 
redissolved in t-butanol and finally isolated by freeze- 
drying following [973* The poly(4-vinylpyridine) so 
prepared was a porous solid and was used in the investigation 
of the three reactions described above. This preparation 
is satisfactory in itself, but is elaborate and lengthy 
and consumes relatively large volumes of solvent. A more 
convenient preparation of larger amounts of a vinylpyridine 
polymer, suitable for use as a reagent in organic techniques, 
was sought,
A redox procedure, using potassium persulphate, 
potassium metabisulphite and ferrous ammonium sulphate, 
known to polymerize acrylonitrile in aqueous solution, was 
applied to a solution of 4-vinylpyridine in dilute 
hydrochloric acid, but without effect.
The procedure, described in U.S.P. 2,491*4-72 C663»
using ammonium persulphate as initiator and a 30% solution 
of 2-vinylpyridine in aqueous hydrochloric acid, gave on a 
small scale a 79% yield.of the polymer, but when applied on 
a larger scale gave a yield of only 10%. The reason for 
this is not known; it can foe stated that, in general, 
polymerizations initiated by persulphate alone are erratic, 
a fact which led historically to the development of redox 
procedures.
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At this stage it was thought that more attention 
should be given to the removal of the phenolic inhibitors 
pres ent in the monomers as received from the supplier. 
Reliance has been placed on removal of the inhibitor by 
standing over potassium hydroxide pellets and distillation.
It was found that the addition of alkaline washing rendered 
removal much more effective.
Preliminary experiments on copolymerization of styrene 
with 2- and 4-vinylpyridine showed that the 2-vinylpyridine- 
styrene copolymers most readily furnished relatively large 
amounts of basic polymers as tractable,white powders.
In the light of the experience gained in the 
foregoing, two relatively large preparations of
2-vinylpyridine-styrene copolymers were made and applied to 
dehydrobroaination as described in the preceding section.
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Appendix 1.
Standardisation of benzoyl peroxide.
(1) (2) (3)
Weight of benzoyl peroxide ( g . O . Q 696...0,0766. ..0.0978 
Volume of 0.01043 N sodium
thiosulphate solution spent (ml.) .... 54.56 . ..59•90,.,73•34 
The calculation-scheme is as follows:
Number of milligram-equivalents of benzoyl peroxide in 
each sample = number of milligram-equivalents of sodium 
thiosulphate- solution spent = v x N.
So, m.vr.(C6H 5COO)2
V x N x 2000
% of benzoyl peroxide -     , ,   ----- — 7—  x 100J ^ weight of the sample
Whence:
% of benzoyl peroxide .......... 99.0 ..... 98,8 ..... 98.6
and,
mean % content of benzoyl peroxide = 98.8
t t
Repetition gave: *' ( 1) (2)
Weight of each benzoyl peroxide sample (g.)...0.0791.., 0.0509 
Volume of 0.01034 N sodium thiosulphate
solution spent (ml.).....................   62.30 ....48.00
% of benzoyl peroxide  ...............  98.6 ....98.7
mean % content of benzoyl peroxide = 98.7
-191-
:0. 25C
0 . 240
2. 303 log :n.
0.248
0.243
• 0 . 235
076 0 .8  4 .0 772 777 176
Concentration,c(g/100 ml)
:1 ■ : Determination or tne 'intrinsic
I ' viscosities of chloromethylated
i ■ ■ |  ; 1 ' f  1 ■ ;
polystyrenes I and II
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Appendix 2
Determination of the chloride ion content in the 
polymeric quaternary ammonium chlorides prepared 
and calculation of the corresponding percentage 
quaternization.
Determination of the chloride ion content:
First batch:
Silver nitrate solution concentration was equivalent to
3.528 mg. Cl /ml,
(1) (2)
Weight of the polymeric sample (g) ...... . 0,24l8,.... 0.2*4:27
Volume of silver nitrate solution
consumed (ml.)...... ................ 9.^3 . 9.57
Blank (ml.)................. .................0.03 . .... 0.03
Corrected titre (ml.) ................... 9.^0 ..... 9.5^
So, the % Cl will be:
VAgN0 X
s 3 1000 x 100
Weight of the sample
Then,
chloride content %  ........... ..13.7 .....13.8
or,
mean % chloride content = 13.75
Calculation of the percentage quaternization: 
Molecular weight of the structural unit of
poly(chloromethylstyrene) CH^CHC^H^CH^Ci ........  .152.628
-193-
Molecular weight of the structural unit
in the quaternized polymer CB1CH CrH, CH_ N(CJHU)„C1.., 253.8222 t: 2 2 J J
Tonic weight of the chloride i o n ..............   ... 35.^57
Let us represent the percentage conversion by x , 
and the ionic chloride content of the quaternized polymer 
by p % by weight. The following relationship must hold
_______35.^57 x_______________ = p
253.822X + 152.628 (100 - x) 100
This gives:
x = 97 • ^  for p = 13.75
and
x = 92.1 for p = 13.20
for the first and second batches, respectively.
Appendix 3 .
Titration of the polymeric quaternary
ammonium hydroxide solution.
Time of delivery of 10 ml. of distilled water...... t = 20
" ,J » " " f! PVAH solution..........  t* = k2
T
t = n x t
ft
Draining-tirae used for PVAH solutions (n x 15 sec.)... t
Titrations :
Volume of 0.02*t88 IT HC1  ............... 50 ml.
Volume of PVAH solution .•••• ....... 10 ml.
Volume of 0.0572 N NaOH solution required.... 9.20; 9.20
Normality of the PVAH solution :
_ 50 x 0.02488 - 9.20 x 0.0572 = 0.07178
10
sec .
5 sec.
32 
sec.
m l .
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Appendix 4.
First kinetic run for ethyl acetate at 0°C 
using sodium hydroxide as catalyst>
Times elapsed until 
complete delivery of 
the,10 ml, pipette 
t (sec.)
Times of 
t = t -
reaction 
(sec,)
30.7
Volume of 
^ 0 . 0 1 0  N 
NaOH spent (ml*)
3 min. 46 sec, = 226 sec, 195.3 6.50
0\ to 00 " = 388 tt 357.3 7.05
10 " 4 " = 604 tt 573.3 7.65
14 " 30 " a 870 it 839.3 S,kO
21 " 37 " =1297 tt 1266.3 9 . 3 2
■30 " 11 " =1811 tt 1780.3 10.10
40 n 51 " =2451 tt 2420.3 10.82
55 " 11 " =3311
tt
3280.3 11.70
79 " 1 " =4741 tt 4710.3 12.70
Volume of ~  0*010 N
NaOK spent after 24 hrs* 
of reaction (ml*)
10 ml. sample of the nkineticnflask* *.•* * 15*05
n n it i? ?t t» .... * . 14.95
10 ml. sample of the reference flask . ... 15*00
10 ml. » " " " * * . . * 15 <00
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Calculations :
10 x 0.024-882 = v x 0.01001 + 10 x 0.0572 150
x = 0.001001 v - 0.005815 
a = 0 0 0092 
b = 0.019067
X 2.303 a b-x _ _  x —
0.0006915 4.1895
0.001242 7.877
0.001843 12.344
0.002593 18.768
0.003514 28.Ill
0.004295 37.894
0.005016 48.913
0.005897 66.309
O.OO5898 94.900
10 x x
2 Nitrogen by-pass (left)
and kinetic flask-head (right).
"11
pjy
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I ' 1'
i i : 20
0 : 10C
, ;so
r - 7T5- TFT- 125
Time (.10
Fig-14 Hydrolysis ]of jje^hyl^ceta;
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Upper I curves: ; ;using;PVAH
0 10 15 20 |25: ;30 ; ; \J>5
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Appendix 5 .
Calculation of the % conversion in the 
substitution reaction of chloromethyl 
by cyanomethyl groups in C M P .
M.w, of the repeating unit of C FI P,
- CH2 CHC6H /tCH2Cl .....     M = 152.6
M.w. of the repeating unit of
poly ( cyanomethyl styrene) , - CH CKC^H^CHgCN . . M = 143.1
Atomic weight of nitrogen..........   1*1.01
Let us call p the % weight of N in the obtained 
”cyanopolyraer11 and x the unknown % conversion in the 
substitution reaction. For a starting amount of 100 
chloromethyl groups the following relationship must apply
x x 14.01 P
x x 143.1 + (100-x) x 152.6 100
This expression conveys us to
x 90% for p = 8.70
and
x 77% for p = 7.42
